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PROTEOLYTIC AND COVALENT ANTIBODIES 



5 Pursuant to 35 U.S.C. §202(c) it is acknowledged that the U.S. Government has certain rights in the invention 
described herein, which was made in part with funds from the National Institutes of Health, Grant Numbers: 
HL59746, AI31268, CA80312, AI46029 and AI058865. 

This application also claims priority to US Provisional Applications 60/458,063 filed March 26, 2003, and 
60/534,689 filed January 8, 2004, the entire disclosures of each of the foregoing applications being incorporated 
10 by reference herein. 

FIELD OF THE INVENTION 

This invention relates to the fields of immunology, molecular biology and medicine. More specifically, the 
invention provides novel methods and compositions for stimulating the production of novel covalent antibodies, 
catalytic antibodies and inhibitors thereof. Also provided are improved methods for screening phage display 
1 5 libraries expressing catalytic antibodies. 

BACKGROUND OF THE INVENTION 

Several publications and patent documents are referenced in this application in order to more fully describe the 
state of the art to which this invention pertains. The disclosure of each of these publications is incorporated by 
reference herein. 

2 0 Several research groups have reported that immunization with negatively charged transition state analogs (TS As) 

results in the synthesis of antibodies (Abs) with esterase activity (1 ,2). These attempts to prepare transacylase Abs 
relied on creating catalytic sites de novo over the course of somatic diversification of antibody (Ab) genes. In this 
strategy, induction of noncovalent shape complementarity between Ab combining sites and a negatively charged 
oxygen atom in tetrahedral TSAs was proposed to be sufficient to achieve catalytic activity (Table 1). However, 
25 there are no examples of proteolytic Abs identified by this strategy in the peer-reviewed literature, although 
patents claiming peptide bond hydrolysis by Abs raised to negatively charged TSAs have been granted (e.g., U.S. 
patent 5,952,462). One report describes a side-by-side examination of esterase and proteolytic activities in 
antibodies raised to a TSA (3). The former activity was readily detected, but no peptide bond cleaving activity 
was observed. The failure to prepare proteolytic Abs by this approach is generally attributed to the greater 

3 0 energetic demands of peptide bond hydrolysis and the more complex reaction pathways for this reaction, including 

formation of multiple transition states in which the catalyst must form transient covalent complexes with the 
peptide substrates for the reaction to proceed to completion. 
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A breakthrough has emerged from observations that naturally occurring Abs can express proteolytic activities. 
Observations that vasoactive intestinal peptide (VIP) is cleaved by Abs from asthma patients provided early 
evidence that Abs may possess peptidase activity (4). The generality of this observation is supported by additional 
reports showing cleavage of thyroglobulin by autoantibodies in Hashimoto's thyroiditis (5). Further evidence for 
5 the bias towards catalytic Ab synthesis in autoimmune disease is supported by observations of DNase activity in 
Abs from lupus patients (6) and mouse strains with a genetic predisposition to autoimmune disease (7). More 
recently antibodies isolated from certain hemophilia patients were observed to hydrolyze Factor VIE, a cofactor in 
blood coagulation (8). Certain antibody fragments to the HIV protein gp41 are also described to hydrolyze this 
protein (9). 

1 0 Disclosed in the present invention are data indicating that the potential for cleaving peptide bonds by a covalent 
catalytic mechanisms is distributed broadly in most naturally occurring Abs. Covalent catalytic mechanisms 
reminiscent of those utilized by non-Ab serine proteases are a distinguishing feature of the naturally occurring 
proteolytic Abs (10). In comparison, Abs raised to TS As utilize noncovalent binding of the transition state, and 
the emergence of covalent catalytic pathways is not predicted, expect by accident. 

15 One aspect of the present invention is to strengthen the covalent reactivity of naturally occurring Abs. This 
results in two outcomes: (a) the increased covalent reactivity allows emergence of Abs that can form stable bonds 
with polypeptides, due to the covalent character of the bonding reaction; and (b) When a water molecule is 
properly accommodated in the Ab active sites, the covalent Ab-polypeptide complexes can be hydrolyzed to 
complete the reaction cycle. To favor the latter outcome, immunization is done using polypeptide analogs that 

2 0 contain a bound water molecule, allowing induction of Ab active sites with sufficient room to accommodate the 

desired water molecule. 

Proteolytic Abs can not be identified using traditional binding assays, as the catalytic cleavage of polypeptides 
does not allow formation of stable Ab-antigen complexes. Analogs of antigens employed previously to identify 
catalytic Abs have assumed that the chemical reaction center in the analogs must simulate precisely the location of 
25 the bond in polypeptide antigens that is cleaved by catalytic Abs. Disclosed in the present invention are data that 
the covalently reactive groups in proteolytic Abs, the serine protease-like nucleophiles, enjoys considerable 
conformational flexibility relative to the noncovalent binding forces responsible for the specificity of Abs for 
individual polypeptide epitopes. 

This discovery has resulted in another major aspect of the present invention, that is, the development of 

3 0 polypeptide analogs in which a covalently reactive electrophile can readily be located in side chains of the amino 

acids instead of the polypeptide backbone. Disclosed in this invention are methods using these analogs for 
coordination of the Ab nucleophilic reactivity with specificity for the linear and discontinuous epitopes expressed 
by polypeptides, allowing the occurrence of epitope-specific nucleophilic reactions between Abs and antigens. 
These methods remove an important bottle-neck in development of covalent and catalytic Abs, because 
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preparation of such antibodies to large polypeptides is presently not possible by conventional methods. Synthesis 
of large polypeptides with electrophiles incorporated with the backbone is outside the scope of current chemical 
synthesis technology, whereas the electrophiles can readily be placed on the amino acid side chains by chemical 
conjugation without unduly disturbing the native antigenic structure of proteins. An alternative approach to 
5 preparing electrophilic polypeptides within the backbone is the utilization of unnatural electrophilic amino acid 
analogs for protein synthesis by natural synthetic procedures, for example by correct recognition of the 
electrophilic amino acid analog by the appropriate tRNA species during the translation of mRNA in the 
polyribosome complex. 

The proteolytic activity of naturally occurring Abs is reported to derive heritable germline lines encoding serine 
1 0 protease-like nucleophilic sites (1 1). The first Abs made by B cells over the course of their differentiation into 
cells that synthesize specific Abs to individual antigenic epitopes belong to the IgM class, with class switching to 
IgG Abs occurring at a later stage, concomitant with ongoing somatic diversification of the Ab variable domains. 
Disclosed in the present invention are observations indicating that IgM Abs are superior catalysts compared to IgG 
Abs. Also disclosed are methods to identify and induce the synthesis of antigen-specific Abs of the IgM with 
1 5 proteolytic activity. 
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SUMMARY OF THE INVENTION 

1 0 The present invention provides novel compositions and methods for stimulating production of specific covalent 
and catalytic Abs and fragments thereof. Provided herein are improved methods for identifying, isolating, refining 
and inhibiting these Abs for the treatment of a variety of medical diseases and disorders, including but not limited 
to infectious, autoimmune and neoplastic disease. These Abs will also have applications in the fields of human 
medicine, veterinary medicine, industrial chemical processed, basic science research and biomedical research. 

1 5 According to one aspect of the invention, methods and compositions are provided herein for stimulating specific 
covalent and catalytic Ab production to predetermined target antigens, including but not limited to those involved 
in pathogenic and neoplastic processes. Polypeptide covalently reactive analogs (pCRAs) and water binding 
pCRAs (pCRAWs) are described which stimulate the production of covalent and catalytic Abs with therapeutic 
value in the treatment of a variety of medical conditions, including autoimmunity disorders, microbial diseases, 

2 0 lymphoproliferative disorders, cancer, septic shock, systemic inflammatory disease and acute respiratory distress 

syndrome. The Abs of the invention may also be used prophylatically to prevent the occurrence of these medical 
disorders. 

In one aspect of the invention, pCRAs or pCRAWs are administered to a living organism under conditions 
whereby these compounds stimulate production of specific covalent and catalytic antibodies. These Abs are then 
25 cloned, purified and administered to a patient in need of such treatment in an amount sufficient to inactivate 
antigens associated with a predetennined medical disorder. 

In an alternative embodiment, should the patient experience unwanted side effects, the activity of the infused 
catalytic antibodies may be irreversibly inactivated by administering the immunizing pCRA to said patient 

In yet another aspect of the invention, vaccination (active immunization) of humans or animals is achieved by 

3 0 administering the pCRAs or pCRAWs as complexes with an adjuvant to a patient to be immunized. Booster 

injections of the pCRA-adjuvant complex are administered as needed. This procedure induces active covalent and 
catalytic immunity against disease processes, that is, the production of protective covalent and catalytic Abs to 
antigens that are important in the initiation and maintenance of the disease process. 
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According to another aspect of the present invention, a method is provided for treating a pathological condition 
related to the presence of endogenously expressed, disease-causing catalytic Abs. Examples of such abnormal 
pathological conditions are certain autoimmune and lymphoproliferative disorders. The method comprises 
administering to a patient having such a pathological condition a pharmaceutical preparation comprising pCRAs 
5 capable of irreversibly binding the endogenously produced catalytic Abs, in an amount sufficient to irreversibly 
bind and inactivate the catalytic Abs, thereby alleviating the pathological condition. In this embodiment, the 
pCRA contains a minimal B epitope and a T cell epitope would be omitted if possible to minimize the 
immunogenicity of the pCRA. 

A further aspect of the invention comprises methods for screening Abs and their fragments displayed on the 
1 0 surface of B cells or a suitable vector such as a phage display vector for expression of covalent and catalytic Abs. 
In this embodiment, those phages or B cell which bind the pCRA are isolated. Methods for isolating and cloning 
the DNA encoding the covalent and catalytic Abs from phage or B cells so isolated are also within the scope of 
the present invention. 

The methods of the present invention provide notable advantages over currently available compounds and 
1 5 methods for identification, isolation and inhibition of covalent and catalytic Abs specific for predetermined target 
antigens. Accordingly, the disclosed methods of the invention provide valuable clinical reagents for the treatment 
of disease. 

2 0 DESCRIPTION OF THE DRAWINGS 

Fig 1: Reaction mechanism for serine protease Abs- Left. Abs stabilize the antigen ground state 
noncovalently (AG Ag ). Nucleophiles such as an activated Ser residue attacks the peptide bond, forming an 
unstable resonant transition state (TS1). Completion of this reaction forms the covalent acyl-Ab intermediate, 

2 5 with release of the C terminal peptide fragment. In the second reaction, a water molecule hydrolyzes the covalent 

intermediate via a second tetrahedral transition state (TS2). Right The reaction proceeds as above, except that 
the resonant antigen-Ab complex containing partial covalent bonds (TS1 above) is more stable than the ground 
state of the antigen-Ab complex. AG^cat and AG f ca t correspond to activation energies for the uncatalyzed and 
catalyzed reactions, respectively. K m is a function of the extent of ground state stabilization (AG S ). kcat/Km is a 

3 0 function of extent of transition state stabilization relative to the catalyst-substrate ground state complex. 

Fig 2: Polypeptide covalently reactive analogs (pCRAs). pCRAs are derivatives of proteins and polypeptides 
in which one or more amino acid side chains are linked to the electrophilic group (E, e.g. phosphonate ester). L 
correspond to a linear or discontinuous antigenic epitopes [Ll-Lm] that are spatially in proximity with the 
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attached electrophile E and recognized by the antibody. Dotted lines connecting [Ll-Lm] represent short or 
extended lengths of the ligand region that do not serve as antigenic epitope.Linkage of E to the amino acid side 
chain can be accomplished directly or through the use of an adaptor functionality, which is then considered to be a 
component of E in the general pCRA formula shown here. Lx corresponds to amino acid to which E is coupled 
5 Typical examples of Lx are Lys, Asp, Glu, Cys, Ser, Thr and Tyr. Examples of the site of linkage of E to these 
amino acids include the -NH2, -COOH, -SH and -OH groups. As proteins can express one or more antigenic 
epitope, the pCRA may contain one or more set of reactive units composed of [LI -Lm] andE. 

Fig 3: Induction of catalytic Ab synthesis. Stimulation of B cells expressing catalytic Abs on their surface 
results in clonal abortion, as release of the products deprives the cells of the essential antigenic stimulus necessary 
10 to induce proliferation (Top). Covalently reactive antigen analogs, in contrast bind in a stable manner to the 
surface Abs, stimulating clonal proliferation and maturation of the catalyst-synthesizing cells. 

Fig 4. General representation of pCRAs and pCRAWs. These compounds are composed of one or more 
antigenic epitopes containing an electrophilic group. The epitope is composed of continuous or discontinuous 
ligand components [LI . . .Lx. . .Lm] . L' is a functional group of a ligand component Lx, to which the Y-Y' -Y" unit 

1 5 contaning an electrophile is attached. Y is the electrophilic atom or group capable of forming a full or partial 
covalent bond the with nucleophilic group (Nu) of the antibody. Y* and Y" are, respectively, an optional PI 
subsite and an optional adaptor functionality. Y' is an atom, bond or chemical group that connects Y and L* or. 
Y", and can provide additional effects that regulate the reactivity of pCRAs and pCRAWs independent of the 
electrophilicity of Y. Y" is an atom, bond or chemical group that connect Y* and Lx' and enables control of the 

20 distance between Y and the epitope and the spatial positioning of these groups. When a water binding site is 
present anywhere within Y-Y*-Y", the pCRA is designated as a pCRAW. Example 1: Y is the phosphonate 
monophenyl ester group, which forms the covalent bond with the Ab Nu. Y* is the ethylamine group that 
connects Y and the p-carboxyl group (L') of Asp (Lx) via an amide bond (Y") and presents a methyl flank, which 
can facilitate the covalent binding to an antibody with a small hydrophobic pocket near Nu. Example 2 : Y is the 

25 phosphonate diphenyl ester group, which forms the covalent bond with the Ab Nu. Y' is the (4- 
ainidinophenyl)methylamine group that connects Y and suberic acid group (Y"). The 4-amidinophenyl flank of Y' 
can facilitate the covalent binding to a receptor with a negatively charged pocket near Nu. Another functionality 
of Y" is connected to the e-amino group (L') of Lys (Lx). Example 3: Y is the boronic acid group, which forms 
the covalent bond with Nu. Y' is the l-amino-4-guanidinobutylamine group that connects Y and y- 

3 0 maleimidobutyric acid group (Y*). The guanidinopropyl flank of Y' can facilitate the covalent binding to an 
antibody with a negatively charged pocket near Nu. The maleimide group of Y" is connected to the sulfhydryl 
group (L 5 ) of Cys (Lx). 

Fig 5. (A) Y variants. The electrophilic group Y is composed of an electron deficient atom (Z), which forms a 
covalent bond with Nu, and one (Example 2) or more (Example 1) substituents (-R1 and -R2) attached to Z. Rl 
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and R2 can be any atoms or groups that permit covalent bonding between Z and Nu. Typical examples of Rl and 
R2 include alkyl groups, alkoxyl groups, aryl groups, aryloxyl groups, hydrogen, and hydroxyl group. Rl and R2 
can be pairs of the same or different substituents. (B) Examples of Rl and R2 that increase the covalent 
reactivity of Y. The electronic characteristics of Rl and R2 control the electrophilic reactivity of Y. (C) 
Examples of Rl and R2 that decrease the covalent reactivity of Y. (D) Examples of Rl and R2 with peptide 
extensions. 

Fig 6: Examples of suitable water-metal binding motifs for incorporation in pCRAWs. 

Example 1 

Fig. 7. Panels A and B, Reaction of serine protease-like Abs with antigens and phosphonate diester- 
containing antigen analogs, respectively. Panel C, CRA structures. In panel A,Nu denotes a nucleophile; Ag' 
and Ag' ' are components of the antigenic epitope at which noncovalent contact with the Ab occurs; Ag'-Lys-OH 
is the N-terrninal antigen fragment; and NH2- Ag" is the C-tenninal antigen fragment. The active site nucleophile 
attacks the carbonyl carbon of the scissile bond in the antigen (substrate) to form the tetrahedral transition-state 
complex. The C-terminal antigen fragment is released and the acyl-Ab complex is formed. Hydrolysis of the acyl- 
Ab complex results in release of the N-terminal antigen fragment and regeneration of the catalytic Ab. The 
catalytic rate constant kcat is the sum of k3'+k3". In panel B, the Ab nucleophile attacks the electrophilic 
phosphonate diester (instead of the carbonyl group) and the phosphonate-containing antigen (CRA) recapitulates 
the remaining interactions in the ground and transition state Ab-Ag complex (noncovalent binding at peptide 
epitopes), but unlike the acyl-Ab intermediate, the phosphonyl-Ab adduct is a stable product. In panel C, I is an 
active site-directed inhibitor of trypsin-like enzymes. II and III are I-derivatives devoid of the side chain amidino 
function and containing a weaker leaving group, respectively. IV and V are intended, respectively, to permit 
detection of nucleophiles in specific Abs to exEGFR and residues 421-432 of gpl20. Thebiotin and phosphonate 
diester groups were incorporated in TV at Lys side chains. Va contains biotin at the N terminus and the 
phosphonate diester at the C terminus. 

Fig. 8. Hapten CRA binding by IgG and trypsin. A, Representative streptavidin-peroxidase stained blots of 
SDS-polyacrylamide gels showing adducts of I with human (#1 5 1 8) and murine (BALB/c) serum IgG (1 uM). A 
weak reaction of IgG with U was observed by exposing the gel for a prolonged period (4 h) and no reaction with 
m was evident. Hapten CRA, 10 uM, 60 min. B, Time course of IgG-I and trypsin-I binding determined in 
triplicate. Y-axis values are intensities of the 150 kD (IgG) or 23 kD (trypsin) adduct bands expressed in arbitrary 
area units (AATJ). CRA 1, 100 uM. Inset, streptavidin-peroxidase stained blots of SDS-polyacrylamide gels 
showing biotin-containing adducts (top, IgG; bottom, trypsin). 

Fig. 9. Catalytic and hapten CRA I binding characteristics of human IgG (#1513) and trypsin. A, Time 
course of cleavage of Pro-Phe-Arg-MCA (200 uM, IgG 500 nM, trypsin 0.1 nM). B, Time course of cleavage of 
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Glu-Ala-Arg-MCA (200 uM, IgG 500 nM, trypsin 0.1 nM). C, DFP (5 mM) and CRA I (0.1 uM) inhibition of 
peptide-MCA (mixture of Glu-Ala-Arg-MCA, Pro-Phe-Arg-MCA and Ile-Glu-Gly-Arg-MCA; 67 uM each) 
cleavage by IgG (375 nM) and trypsin (1 nM); respectively, 21 h and 1.5 h reaction. D, Representative 
streptavidin-peroxidase stained blots of reducing SDS-polyacrylamide gels showing inhibition of I (10 uM) 
adduct formation by DFP (5 mM) and preheating of the proteins for 10 rnin. IgG, 1 uM; trypsin, 1 uM. 1 h 
reaction. Treatment with DFP for 30 min prior to incubation with I. Values in A-C are means of 3 replicates ± 
s.d. 

Fig. 10. Single chain Fv reactivity with hapten CRA I (A, B) and correlation with proteolysis (B). A, 
Reducing SDS-electrophoresis gels showing Fv (clone MMF-4) adducts with CRA I stained with streptavidin- 
peroxidase (lane 2), anti-c-myc antibody (lane 3) and silver (lane 4). Lane 1, standard proteins used for gel 
calibration. For the reaction in lane 2, Fv (0.45 uM) treated with CRA I (200 uM; 60 rnin reaction). The minor c- 
myc containing band in lane 2 is a degradation product that copurifies with full-length Fv on the nickel column as 
it contains the his6 tag. B, Shown are values for cleavage of Glu-Ala : Arg-MCA (y-axis; 200 uM; 17 h reaction 
time) and binding of CRA I (200 uM; 60 min) by purified Fv from eight clones (MM 18,20, 24, F4, F5, F6, F 1 1 , 
F14). Correlation assessed by linear regression. Dotted lines, 95% confidence limits. FU, fluorescence units. 183 
FU, 1 uM arnmomethylcoumarin. 

Fig. 11. Antibody binding by phosphonate diester containing protein CRA IV and peptide CRA V 
determined by conventional ELISA procedures. A, Comparison of binding of immobilized IV by antiserum to 
exEGFR (■) and control nonimmune serum (□). (•) shows binding of immobilized exEGFR by anti-exEGFR 
antiserum. B, Comparison of binding of immobilized Va by antiserum to a gp 120(42 1-43 6)-KLH conjugate (■) 
and control nonimmune serum (□). (•) shows binding of immobilized gpl20(421-436)-BSA conjugate by anti- 
gpl20(421-436) antiserum. No binding of immobilized exEGFR or the gpl20(421-436)-BSA conjugate by 
control nonimmune sera was evident (not shown). Shown are absorbance values (490 nm) ± s.d. 

Fig. 12. Specific irreversible binding of exEGFR protein CRA IV by polyclonals and monoclonal Abs to 
EGFR. A, Streptavidin-peroxidase stained blot showing 250 kD adducts formed by treating IV (0.2 uM) with 
polyclonal anti-EGFR IgG (0.7 uM) for increasing lengths of time (.05, 1, 2, 3, 4, 6, and 8 h; lanes 1-8, 
respectively). Lane 9 is the reaction mixture of IV (0.2 uM) incubated with control nonimmune IgG (0.7 uM) for 
8 h. B, Intensities of the 250 kD band from panel A (in arbitrary area units). C, Accumulation of 250 kD biotin- 
containing adducts of IV (0.2 uM) with monoclonal Abs to EGFR (0.5 uM; clones C225, HI 1, 111.6) as a 
function of time. No adducts were formed by an equivalently treated control monoclonal Ab (BGN/H8). D, 
Biotin-containing 250 kD adducts formed by treatment of IV (0.2 uM) for 2 h with polyclonal IgG to exEGFR 
(0.5 uM) in the absence (lane 1) and presence of exEGFR (1 uM; lane 2) or calmodulin (1 uM; lane 3). In control 
reactions, IV (0.2 uM) was treated for 2 h with nonimmune IgG (0.5 nM; lane 4) and boiled polyclonal IgG to 
exEGFR (lOmin at 100°C; 0.5 uM; lane 5). IVa (0.2 \iM) treated with monoclonal IgG c225 (0.5 uM) for 2 h in 
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the absence of exEGFR is shown in lane 6, and in presence of exEGFR (1 uM) or calmodulin (1 uM) in lanes 7 
and 8, respectively. Abs treated with competitor proteins for 30 min prior to addition of IV or IVa. 

Fig. 13. Specific irreversible binding of peptidyl CRA Va by Abs to gpl20(421-436). A, Time course of 
formation of adducts of Va (10 uM) incubated with IgG to gp 120(42 1-43 6) (1 uM). Insets, streptavidin- 
peroxidase stained 152 kD adducts in nonreducing SDS-electrophoresis gels formed with anti-gp 120(42 1-43 6) 
IgG (top) and equivalent concentrations of nonimmune IgG (bottom). B, streptavidin-peroxidase stained 
nonreducing SDS-electrophoresis gels showing Va (10 uM) adducts formed by treatment with anti-gp 120(421- 
436) IgG (1 uM; 1 h) in the absence of competitor proteins (lane 1) and presence of albumin (3 uM) or 
gpl20(421-436)-BSA (3 uM BSA equivalents; 30 uM peptide equivalents). 

Example 2 

Fig. 14. CRA structures (A) and their reaction with Abs (B). m is schematic representation of gpl20 with R3 
substituents at Lys residues. Left of HI are streptavidin-peroxidase stained blots of SDS-electrophoresis gels 
showing biotinylated m containing 4 mol (lane 1) and 1 4 mol (lane 2) phosphonate diester groups/mol gpl20. In 
B, Nts, nucleophile; Ag'-Lys-OH, N-terrninal antigen fragment; NH2-Ag'\ C-terminal antigen fragment; 
kcat=k3'+k3". A catalytic Ab forms the initial noncovalent complex by conventional epitope-paratope 
interactions. The active site nucleophile site attacks the carbonyl carbon of the scissile bond in Ag (substrate) to 
form the tetrahedral transition-state complex. The C-terrninal antigen fragment is released and the acyl-Ab 
complex is formed. Hydrolysis of the acyl-Ab complex results in release of the N-terminal antigen fragment and 
regeneration of the catalytic Ab. The reaction with phosphonate-containing Ag recapitulates the interactions in the 
ground and transition state Ab-Ag complexes (noncovalent binding at peptide epitopes and nucleophilic attack by 
the Ab) but unlike the acyl-Ab intermediate, the phosphonyl-Ab adduct is a stable product. A potential weakness 
is that immunogen III does not contain structural feature favoring synthesis of Abs capable of rapid hydrolysis of 
the acyl-Ab intermediate and product release (bottom reaction scheme). 

Fig. 15. Irreversible HI binding by polyclonal Abs. A, Immobilized gpl20. B, Immobilized HI. Shown are 
ELISA values for binding of polyclonal Abs in serum of mice hyperimmunized with HI (pooled sera, N= 4 mice). 
Binding of nonimmune mouse serum was negligible (A490 of 1:100 nonimmune serum in A, 0.001; in B, - 
0.002). Residual and total binding represent A490 values in wells treated with and without SDS, respectively. 
Inset, Anti-IgG stained blot of SDS-electrophoresis gels showing m (0.3 uM) treated for 48 h with nonimmune 
IgG (lane 2,0.1 ^M) and anti-IH IgG (lane 3,0.1 uM). Large Ab-containing adducts are evident at ~ 400 kD in 
lane3. Lane 1 is a shorter exposure of lane 2 showing a well-defined 150 kDa band at the position of the smear 
evident in overexposed lanes 2 and 3. 

Fig. 16. Irreversible HI binding by monoclonal Abs. ELISA showing SDS-resistant HI binding by tissue 
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culture supernatants containing MAbs (YZ series) (A) and monoclonal IgG purified from clone YZ1 8 (B) raised 
by immunization with gpl20-CRA HI. MAb CRL1689 is an irrelevant monoclonal IgG with same isotype as 
MAbs YZ21 and YZ23. Immobilized antigens, gpl20 and HI. SDS-resistant III binding indicated by bars and 
curve labeled III + SDS. 

Fig. 17. Cleavage of Bt-gpl20 by MAb YZ20. A, Streptavidin-peroxidase stained blot of SDS-electrophoresis 
gels showing time dependent Bt-gpl20 cleavage by MAb YZ20 and lack of cleavage by MAb YZ19 (22 h 
incubation). IgG, 1 pM; Bt-gpl20, 0.2 pM. OE, Overexposed lanes showing Bt-gpl20 incubated for 22 h in 
diluent and with YZ20 IgG (1 pM). Product bands at 27 kDa and 1 5 kDa are visible in addition to the major 50- 
55 kDa bands. B, Anti-gpl20-peroxidase stained blot of SDS-electrophoresis gel showing gpl20 (1 pM) 
incubated with diluent or YZ20 IgG (1 pM, 24 h). 

Fig. 18. Lack of cleavage of Bt-BSA and Bt-exEGFR by MAb YZ20 (A) and preferential cleavage at basic 
residues (B, C). A, Strepavidin-peroxidase stained blots of biotinylated proteins (0.2 pM) incubated with MAb 
YZ20 (1 uM, 24h). B, Fluorimetric determination of MAb YZ20 (0.5 pM) catalyzed cleavage of peptide-MCA 
substrates (200 pM, 22h). C, Cleavage of GGR-MCA and GGL-MCA by MAb YZ20 (0.5 pM). Concentration of 
both substrates was held at 12.5 pMbecause of limited solubility of Gly-Gly-Leu-MCA. Blocking groups atthe 
N termini of the substrates were: succinyl - AE-MCA, AAA-MCA, AAPF-MCA, HW-MCA; t-butyloxycarbonyl - 
- EKK-MCA, VLK-MCA, IEGR-MCA, EAR-MCA; benzyloxycarbonyl - GGR-MCA, GGL-MCA. Values are 
means of 3 replicates ± s.d. 

Fig. 19. Enhanced hapten CRA I covalent binding by polyclonal IgG from mice immunized with m (A) 
and potent inhibition of MAb YZ20 cleavage of Bt-gpl20 by hapten CRA H (B). A, Binding of hapten CRA 
I (10 pM) determined by incubation with IgG (0.4 pM) from BALB/c mice immunized with Btt (Ms9-12) or 
control gpl20 (Msl-4) for 60 min, SDS-electrophoresis and quantification of the biotm-containing band at 150 
kDa. NI, nonimmune IgG (pooled from 20 mice). Inset, Representative SDS-electrophoresis lanes showing 
hapten CRA I binding by IgG from a mouse immunized with m (Ms 1 1), a mouse immunized with gpl20 (Ms3) 
and nonimmune IgG (NI). B, Bt-gpl20 (0.1 pM) cleavage by MAb YZ20 (lpM, 4 h) and (Tyr ,0 - ,25 I)VIP (-100 
pM, 45 K c.p.m.) cleavage by MAb c23.5 (20 nM, 18 h) was measured in the presence of increasing H 
concentrations. In the absence of II, 15% and 40% of available Bt-gpl20 and VIP, respectively, were cleaved. 

Example 3 

Fig. 20. (A) Structure of hapten CRA 1, VIP-CRA 3 and synthetic intermediate 2. (B) Scheme for synthesis 
of VIP-CRA 3. Reagents and Conditions for steps i-vi in Panel B: (i) Solid-phase peptide synthesis by 9- 
fluorenylmethoxycarbonyl chemistry [deprotection, 20% piperidine in DMF (3 min x 2, 20 min x 1); coupling, N- 
(9-fluorenylmethoxycarbonyl)amino acid (2.5 equiv), PyBOP (2.5 equiv), 1-hydroxybenzotriazole (2.5 equiv), 
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iy;AT-diisopropylethylamine (7.5 equiv) in DMF (60 min)]; (ii) 20% piperidine in DMF (3 min x 2, 20 min x 1); 
(iii) D-biotin (2.5 equiv), PyBOP (2.5 equiv), 1-hydroxybenzotriazole (2.5 equiv), i^i^diisopropylelhylamine (7.5 
equiv) in DMF (60 min); (iv) 1% TFA in CH 2 C1 2 (5min x 10); (v) 2 (3 equiv), 0.1 mM N,N- 
diisopropylethylamine in DMF (overnight); (vi) TFA^thaneditrnol-thioanisole-phenol (90: 1:1:8,2 h). All steps 
at room temperature. Protecting groups: Boc, te^butoxycarbonyl; tBu, terf-butyl; Pmc, 2,2,5,7,8- 
pentamethylcrnoman-6-sulfonyl; Trt, trityl; Mtt, 4-methyltrityl. 

Fig. 21. Specific covalent VIP-CRA binding by monoclonal anti-VTP IgG (clone c23.5). Panel A: 
Accumulation of VIP-CRA 3 or hapten CRA 1 adducts shown in arbitrary area units (AAU) of the adduct bands 
determined by electrophoresis and densitometry. Reaction conditions: 1 uMIgG, 10 uM CRA, 37°C. Data are 
means of closely agreeing duplicates. Correlation coefficients for curves fitted to progress curves by linear 
regression were 0.9 or greater. All reactions analyzed at 6 time points as shown for anti-VIP L chain. For clarity, 
only the final data points at 120 min are shown for anti-VIP H chain and control Ab H and L chains (UPC10 IgG). 
Inset, Streptavidin-peroxidase stained blots of SDS-gels showing 3-adducts of the c23.5 light (29 kD) andheavy 
(58 kD) chains. Lanes 1-6 correspond to the reaction time shown in the graph (10, 20, 40, 60, 90, and 120 min). 
Panel B: Representative plot showing inhibition by VIP (10 uM) of formation of anti-VIP. light chain adducts 
withVIP-CRA3. % Inhibition determined as: 100-100(V app) + vip)/( V app , . vip)> where + VIP and — VIP refer to 
the presence and absence of VIP, respectively. Inset, Streptavidin-peroxidase stained electrophoresis cut-outs 
showing light chain adducts formed in the absence and presence of VIP. Headers 1 through 6 correspond to the 
progressively increasing reaction time shown in the graph. Panel C: Streptavidin-peroxidase stained blots of 
SDS-electrophoresis gels showing CRA binding to anti-VIP Ab in the presence of human plasma (1% 
volume/volume; 1 h; CRAs, 10 aM each; exogenously added Abs, 10 *iM). Exogenous Abs and CRAs used are: 
Anti-VIP c23.5 IgG + VIP-CRA 3 (lane 1); Control UPC10 IgG + VIP-CRA 3 (lane 2); VIP-CRA 3 alone (lane 
3); Anti-VIP c23.5 + hapten 1 (lane 4), UPC10 IgG + hapten 1 (lane 5); and, hapten 1 alone (lane 6). Biotin- 
containing bands in lanes 1-6 detected as in panel A. Lanes 7 and 8 are silver stained blots of human plasma (1% 
volume/volume) and molecular-weight standards, respectively. Panel D: Streptavidin-peroxidase stained blots of 
reducing SDS-electrophoresis gels showing inhibition of VIP-CRA binding to anti-VIP c23.5 light chain by DFP. 
Anti-VIP IgG c23.5 (1 uM) was incubated with or-without DFP (5 mM) for 5 min, and then allowed to react with 
VIP-CRA 3 (2 uM) for 60 min. 

Fig- 22. Inhibition of anti-VIP light chain c23.5 catalyzed Pro-Phe-Arg-AMC hydrolysis by VIP-CRA 3. 
Panel A: Progress curves of Pro-Phe-Arg-AMC (0.2 mM) cleavage by the light chain (0.8 uM) in the absence 
(O) and presence (®) of VIP-CRA 3 (3 uM). Curves are least-square-fits to the equation [AMC]=Vt (r 2 0.99) 
(O) or [AMC]/[AMC]max=l - e*** (r 2 0.89) (©), where V is the velocity of AMC release; [AMCU the 
extrapolated maximum value of AMC release, and ^ bs , the observed first-order rate constant. Data are means of 3 
replicates ± SD. Fluorescence values expressed as released AMC by comparison with a standard curve 
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constructed using authentic AMC. Background fluorescence in the absence of catalyst corresponded to 0.05 ± 
0.03 nM AMC. Panel B: Comparison of VIP-CRA 3 (•) and hapten CRA 1 (O) inhibition of light chain 
catalyzed Pro-Phe-Arg-AMC hydrolysis. Curves are fitted to the equation: % inhibition = 100/(1 + io IosEC50 ~ 
loBtcRA]^ where EC50 is ^ conC entration yielding 50% inhibition (r 2 0.98). Reaction conditions as in Panel A 
except that varying CRA concentrations were employed (1, 3, 10, 30 \iM). % inhibition computed as: 100(V- 
V I3 )/V, where V i 3 represents the residual activity after incubation for 1 3h (tangents of the least-square-fit progress 
curves obtained as in Panel A). Values are means of 3 replicates ± SD. In the absence of CRAs, the reaction 
rate was 22 nM AMC IT 1 . Panel C: Stoichiometry of antibody light chain (c23.5) reaction with VIP-CRA 3. 
Shown is the plot of residual catalytic activity (Pro-Phe-Arg-AMC hydrolysis) of the light chain in Ihe presence of 
varying VIP-CRA 3 concentrations (reaction conditions as in Panel B except that the VIP-CRA concentrations 
were 0.03, 0.1 , 0.3, 1 .0 and 3.0 pM, and reaction time was 36 h). Residual activity was determined as lOOVi/V, 
where V is the velocity in the absence of inhibitor and Vi is a computed value of the velocity under conditions of 
complete inhibitor consumption. Vi values were obtained from least-square-fits to the equation [AMC] = Vi-t + 
A(l-e~*° bst ), where A and ^ bs represent, respectively, the computed AMC release in die stage when inhibitor 
consumption is ongoing and the observed first-order rate constant, respectively (r 2 for individual progress curves, 
>0.97). The equation is valid for reactions with an initial first order phase and a subsequent zero order phase. 
The X-intercept shown in the plot was determined from the least-square-fit for data points at [VIP-CRA 3]/[light 
chain] ratio < 1. Inset, Example progress curve from which Vi values were computed. VIP-CRA 3, 0.03 nM. 

Fig. 23. Inhibition of polyclonal antibody catalyzed VIP cleavage by VIP-CRA 3 and hapten CRA 1. Panel 

A: Reversed-phase HPLC profiles showing cleavage of [Tyr 10 - 125 I]-VIP at multiple sites by human IgG HS-2. 
[Tyr 10 - 125 I]-VIP incubated in the presence (•) or absence (O) of HS-2 IgG (2 jiM) for 16 h and subjected to 
HPLC [Nova-pak C l8 3.9 x 150 mm; 0.1% TFA in water:0.1% TFA in 80% acetonitrile 95:5 for 10 min, 95:5 to 
30:70 in 55 min, 30:70 to 0:100 in 5 min, 0:100 for 5 min (0.5 ml/min)]. Shown are values of 125 I radioactivity 
recovered in the HPLC fractions (0.5 ml). Panel B: Irreversible inhibition of HS-2 IgG-catalyzed [Tyr 10 - l25 I]-VIP 
cleavage by VIP-CRA 3 and hapten CRA 1 . IgG (2 nM) was preincubated for 1 6 h in the absence or presence of 
increasing concentrations of VIP-CRA 3 (•) or hapten CRA 1 (O). Following removal of unreacted CRA by 
chromatography on immobilized Protein G, the residual catalytic activity of the IgG was measured using [Tyr 10 - 
,25 I]-VTP as substrate. Data are means ± SD. Control HS-2 IgG incubated in the absence of CRAs cleaved 279 1 
c.p.m. [Tyr ,0 - 125 I]-VIP. 

Example 4 

Fig. 24. Compounds MV, diisopropyl fluorophosphates (DFP) and Glu-Ala-Arg-AMC. Hapten CRAI is an 
active site-directed inhibitor of trypsin-like enzymes. Compound H is the unesterified phosphonic acid analog of I 
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devoid of covalent reactivity. HI and IV are I-derivatives devoid of the side chain amidino function and contain a 
weaker leaving group, respectively. These structures are analogs of the irreversible serine protease inhibitor DFP. 
Boc-Glu(OBzl)-Ala-Arg-AMC is an example of a commercially available synthetic substrate in which cleavage of 
the amide bond between Arg and the methylcournarinamide group releases fluorescent 7-amino-4- 
methylcoumarin. 

Fig. 25, Hapten CRA I reactivity with spleen cells. A, Flow cytometry of murine splenocytes (naive BALB/c 
mouse) stained with biotinylated hapten CRA I (grey line) and compound II (black line; both compounds 100 
uM, 4 hours; streptavidin-FITC (50 ug/ml). Twenty five thousand cells counted. B, Anti-CD19 Ab staining 
(grey line; phycoerythrin conjugate) of hapten CRA I labeled cells; streptavidin-FITC 1 ug/ml). (black line>shows 
staining with the phycoerythrin conjugate of the isotype matched control antibody. C-F, Deconvoluted (5 
iterations) fluorescence acquisitions showing two B cells labeled with CRA I (streptavidin-FITC, 1 |ig/ml, panel 
C) and phycoerythrin conjugated anti-CD19 Ab (panel D). E shows a merged rendition of the FITC and 
phycoeiTthrin probes. F is a 3D wire frame model of the FITC emission patterns compiled from 30 individual 
sections and men subjected to split screen extraction. Blue counterstain, 4^6-cu'amidino-2-phenylindole. 

Fig. 26. Immunochemical identification of hapten CRA I labeled Ig subunits in B cell extracts. A, SDS-gel 
electrophoresis lanes showing extract of B cells labelled with hapten CRA I (100 uM, 4 hours) following staining 
with silver (lane 1) and peroxidase conjugated streptavidin (lane 2). Migration of marker proteins shown on left. 
B, SDS-gel immunoblots of hapten CRA I labeled B cell extract stained with Abs to h. (lane 3), X (lane 4), k (lane 
5) and y (lane 6) chains. C, Streptavidin-peroxidase stained SDS-gels showing hapten CRA I labeled proteins 
recovered by affinity chromatograpy of splenocyte extract on immobilized anti-jn (lane 7), anti-K/X (lane 8) and 
anti-y Abs (lane 9). 

Fig. 27. Irreversible hapten CRA I binding to IgM and IgG Abs. A, Progress curves for polyclonal murine 
Ab-CRA adduct formation. AAU, Arbitrary area units. Reaction conditions: IgM 0.2 uM or IgG 1 uM 
(equivalent combining concentration); hapten CRA 1 0. 1 mM. Values are sums of intensities of the H chain-CRA 
and L chain-CRA bands for IgM (•) and IgG (O; means of closely agreeing duplicates). B, Examples of 
reducing SDS-gel lanes showing CRA-Ab subunit adducts at 2 hours. Lanes 4 and 5: Streptavidin-peroxidase- 
stained blots showing adducts of IgM subunits and IgG subunits, respectively. IgM subunits stained with 
coomassie blue, anti-n chain Ab and anti-K/X chain are shown in lanes 1, 2 and 3, respectively. C, Comparative 
initial velocities of hapten CRA I adduct formation at the subunits of IgM and IgG. Each point represents a 
different Ab. For comparison, data points corresponding to the u an<i k/X chains of individual IgM Abs are 
connected. Abs studied: polyclonal human IgM, polyclonal mouse IgM, 5 monoclonal murine IgM Abs (clones 
8702, 8704, 9008, 9010, 9020), monoclonal human IgM Yvo, polyclonal human IgG, polyclonal mouse IgG and 
4 monoclonal IgG Abs (clones c23.4, c39.1, HP6045, HP6054). *P < 0.05 versus u. chain group in each case 
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(Student's t-test, 2 tailed). 

Fig. 28. Proteolytic activities of IgM and IgG Abs. A, Cleavage of Glu-Ala-Arg-AMC (400nM) by polyclonal 
murine IgM (©), human IgM (El), polyclonal murine IgG (O) and polyclonal human IgG (□). IgM, 5 nM; IgG, 
160 nM B, Inhibition of polyclonal murine IgM (5 nM) catalyzed Glu-Ala-Arg-AMC (400^M) cleavage by 
hapten CRA I (H, 30 \iM; □, 100 jxM). ©, progress curve without inhibitor. Values are means of triplicates ± s.d. 

Fig. 29. IgM purity. A, Purification of polyclonal murine IgM to constant specific activity. O, IgM purified by 
anti-|A affinity chromatography, ©, affinity purified IgM subjected to further fractionation by FPLC gel filtration. 
IgM, 5 nM; Glu-Ala-Arg-AMC, 200 jiM. B, Denaturing gel filtration profiles (Superose 12 column) of 
polyclonal murine IgM conducted in 6 M guanidine hydrochloride. The IgM fractions under the bar from the 
first cycle of denaturing chromatography ( — ) were pooled and subjected to 2 additional cycles of denaturing gel 
filtration. IgM recovered from the third chromatography cycle (— ) was analyzed for catalytic activity in Panel C. 
C, Progress curve for cleavage of Glu-Ala-Arg-AMC (200|*M) by IgM (2.5 nM) purified by 3 cycles of 
denaturing gel filtration in Panel B. 

Fig. 30. Divergent substrate selectivities of monoclonal IgM Abs. Data are expressed ^Giu-Aia-Arg-AMc/^iie-Giu- 
ciy-Arg-AMC > where Vi represents initial velocity computed from progress curves. Substrates, 200 pM. Designations 
8702, 8704, 9008, 9010, 9020 and Yvo indicate the individual IgM Abs (5nM). *, IgM Yvo did not cleave Ile- 
Glu-Gly-Arg-AMC detectably (O.0125 |iM AMC). 

Fig. 31. Cleavage of Glu-Ala-Arg-AMC by IgM Fab fragments. A, Gel filtration profile (Superose 12) of IgM 
Yvo without (— ) and with (— ) digestion with immobilized pepsin. Inset, Silver stained nonreducing flane 1) and 
reducing (lane 2) SDS gels of the 55 kD Fab fragments. The higher and lower Mr fragments in the reducing lane 
correspond to the Fab heavy chain fragment and light chain component. B, Progress curves of Glu-Ala-Arg- 
AMC (400 jiM) cleavage at 1.2 *iM(#), 0.4 |iM (A) and 0.12 \xM(M) Fab. 



Example 5 

Fig. 32. Cleavage of biotinylated gpl20 (Bt-gpl20) by polyclonal human IgM and IgG preparations. A, 

Scatter plot of gpl20 cleaving activity of IgM and IgG Ab fractions from 5 healthy humans. Ab combining site 
concentration 150 nM (decavalent IgM, 15 nM; bivalent IgG, 75 nM). Reaction conditions: 20 hours, 37°C, 100 
nMBt-gpl20. Solid lines are means [IgM, 53.3 ±25.4%; cleavage by IgG is below detection limit (<5%)]. Inset, 
Typical reducing SDS-electrophoresis (4-20% gels) results showing human serum IgM purified by affinity 
chromatography on immobilized anti-IgM Ab and stained with coomassie blue (lane i ) and peroxidase conjugated 
Abs to human \x chains (lane 2), k chains (lane 3) and X chains (lane 4). B, Streptavidin-peroxidase stained 
reducing SDS- gel lanes showing time-dependent cleavage of Bt-gpl20 by pooled polyclonal human IgM. BC, Bt- 
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gpl20 incubated for 23 h in the absence of Abs. IgM, 50 nM; Bt-gpl20, 100 nM. 

Fig. 33. gpl20 cleavage by IgM subjected to denaturing gel filtration. Pooledhuman serum IgM purified by 
affinity chromatography on immobilized anti-u Abs was subjected to cycles of denaturing gel filtration (cycle 1 — 
-; cycle 2 — ; Superose 12 column) in 6 M guanidine hydrochloride. Inset, Streptavidin peroxidase stained SDS- 
gel lanes showing cleavage of Bt-gpl20 (0.1 uM)byIgM (50 nM) obtained by denaturing gel filtration (lane 3) 
and control IgM analyzed without denaturation (lane 3). Reaction time, 16 h. Lane 1 , Bt-gpl20 incubated for 16 
h with diluent instead of IgM. 

Fig. 34. gpl20 cleavage by monoclonal IgM antibodies. A, Divergent catalytic activities of human 
monoclonal IgM; murine IgM clones 8702, 8704,9008, 9010 and 9020 and polyclonal IgM purified from pooled 
human andmouse sera. Biotinylated gpl20 0.1 uM;IgM 1 7 nM. Data obtained by densitometry of streptavidin- 
peroxidase stained reducing SDS-gels. Inset, SDS-gel showing IgM Yvo stained with coomassie blue (lane 1), 
anti-human u chain Ab (lane 2) and anti-K chain Ab (lane 3). B, Gel filtration profile (Superose 12) of IgM Yvo 
without (— ) and with (— ) digestion with immobilized pepsin. Inset, Silver stained nonreducing (lane 1) and 
reducing (lane 2) SDS gels of the 55 kD Fab fragments. The higher and lower Mr fragments in the reducing gel 
correspond to me Fab heavy chain fragment and light chain component. C, streptavidin-peroxidase stained SDS- 
gels showing cleavage of biotinylated gpl20 (0.1 uM) incubated with increasing concentrations of Fab Yvo for 48 
h. 

Fig. 35. gpl20 cleavage by monoclonal IgM Yvo. A, Time course of biotinylated gp 120 (0.1 uM) cleavage by 
IgM Yvo (50 nM). Shown are streptavidin peroxidase stained reducing SDS-gel electrophoresis lanes. BC, 
Control lane showing Bt-gpl20 incubated for 1 6 h without the IgM. The major biotinylated product is the 80 kD 
band. B, Coomassie blue stained SDS-gel lane showing the reaction mixture of gpl20 (8.5 uM) with IgM Yvo (50 
nM) (lane 1), IgM Yvo alone (lane 2) and gpl20 alone (lane 3) incubated for 46 h. The 70 and 25 kD bands 
correspond to IgM heavy and light chains, respectively. Blots regions corresponding to 15.4-16.4 kD, 17.6kD, 18 
kD and 80 kD were subjected to N terminal sequencing in Table 8. 

Fig. 36. Selectivity of gpl20 cleavage. Streptavidin peroxidase stained reducing SDS-polyacrylamide gels 
showing Bt-gp 120, Bt-sEGFR, Bt-BSA and Bt-sCD4 incubated for 22 h in diluent or polyclonal human IgM (50 
nM). Bt-protein, 0.1 uM. 

Fig. 37. gpl20(421-431)-CRA inhibition of Yvo IgM gpl20ase activity. A, Phosphonate diester analog of 
gpl20 residues 421-433 (gpl20pep-CRA) and the haptenic phosphonate diester devoid of the gpl20 peptide 
sequence (hapten CRA). B, Inhibition of IgM Yvo (50 nM) catalyzed Bt-gpl20 (0.1 uM) by gpl20pep-CRA. 
Incubation fori 5 hours. Inset, Streptavidin peroxidase stained SDS-gels showing Bt-gp 120 incubated with IgM 
Yvo in the absence (lane 2) and presence of gp20pep-CRA (10 pM, lane 2). Lane 1, Control Bt-gpl20 incubated 
in diluent. 
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Fig. 38- Irreversible gpl20(421-31)-CRA binding by IgM. A, Comparative initial velocities for formation of 
hapten CRA adducts and gpl 20pep-CRA adducts by monoclonal IgM Yvo, 8704 and 9020 (•), IgM from pooled 
human serum («►) and IgM from pooled mouse serum (s). Initial velocities were computed from progress curves 
for irreversible CRA binding by the Abs measured in duplicate, and represent the sums of intensities of the H 
chain-CRA and L chain-CRA bands. AAU, Arbitrary area units. Reaction conditions: IgM 1 50 nM; hapten CRA 
or gpl20pep-CRA 10 uM. Inset, Streptavidin peroxidase stained reducing SDS-gels showing adducts of 
gpl20pep-CRA (lane 1) and hapten CRA (lane 2) formed by polyclonal mouse IgM. B, Comparative initial 
velocities for formation gpl20pep-CRA adducts by \i chains and k/X chains of monoclonal IgM Yvo, 8704 and 
9020 (©), IgM from pooled human serum (❖) and IgM from pooled mouse serum (a). Reactions from panel A. C, 
Example of progress curve data. Shown are accumulation of gpl20pep-CRA adducts and hapten CRA adducts 
with the L chain of IgM Yvo. Reactions as in panel A. Inset, Cut-outs of the L chain adduct bands at the 
indicated time points from streptavidin-peroxidase stained SDS-gels. D, Streptavidin peroxidase stained reducing 
SDS-gels showing adducts of gpl20pep-CRA formed by polyclonal human IgM in the absence (lane 1) and 
presence of synthetic gp20(421-436) (500 uM, lane 2) and by IgM Yvo in the absence (lane 3) and presence of 
synthetic gp20(421-436) (500 ^iM, lane 4). Reaction conditions as in Panel A. Incubation for 4.5 hours. 

Example 6 

Fig 39: ELISA showing binding of gpl20~CRA by IgM Abs in sera from BALB/c mice immunized with the 
indicated antigens. Black arrows indicate administration of the antigen (10 ug protein). Grey arrows indicate 
administration of protein A (1000 ug). Sera diluted 1:100. The binding was visualized using anti-peroxidase 
conjugated anti-mouse IgM Ab. 

Fig 40: Increased IgM catalyzed gpl20 cleavage by covalent immunization. Shown are the values of 
biotinylated gp 1 20 cleavage by three monoclonal IgM antibodies obtained from a mouse immunized with gp 1 20- 
CRA (closed bars; number of IgM secreting hybridomas screened, 96). Under these conditions, cleavage by IgM 
from an unimmunized mice was undetectable (open bars show 3 of 1 37 IgM clones screened). IgM purified from 
culture supernatants by chromatography on immobilized anti u-ehain Ab. IgM, ~5 nM; Bt-gpl20, 100 nM; 1 5 h. 
Cleavage determined by SDS-gel electrophoresis. 

Fig. 41. Irreversible gpl20 binding by anti-gpl20-CRA IgG antibodies. Shown are streptavidin-peroxidase 
stained blots of SDS electrophoresis gels of biotinylated gp!20 incubated with IgG clone F223-3 (lane 2) and a 
control IgG clone (lane 1 , clone F223-1). Lanes 2 and 4 show the anti-IgG stained gels of the reaction mixtures 
with clone F223-3 and F-223-1, respectively. The 154 kD band represents the irreversible gpl20-IgG subunit 
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complex. IgG, 0.1 uM; biotinylated gp 120 0.1 uM, reaction time 15 h. 

Fig. 42. Irreversible gpl20 binding by MAbs. ELISA showing SDS-resistant gpl20 binding by purified MAbs 
raised by immunization with gpl20-CRA (Clones YZ18, YZ22_and YZ23). Control anti-gpl20 MAbs studied 
were murine IgG #1 121 (Immunodiagnostics Inc.) and human MAbs 257-D and 268-D from NIH AIDS Reagent 
Repository (all directed against the V3 loop of gpl20). Black bars: ELISA plates washed with PBS, pH7.4, 
following anti-gpl20 binding to immobilized gpl20. White bars: Plates washed with 2% SDS in PBS following 
anti-gpl20 binding to immobilized gpl20. % residual gpl20 binding after treatment with SDS is indicated above 
SDS-resistant bars. 40 ng gpl20/well; IgG, 0.5 |aM. 

Fig 43: Specific murine nucleophilic antibody response to VIP-CRA. Data represent the intensities of 
covalent IgG adducts of VIP-CRA 4 identified by SDS-electrophoresis (sum of heavy and light chain adducts in 
arbitrary area units (AAU) from a representative mouse). Arrows indicate intraperitoneal immunization of the 
mice (BALB/c) N=5) with the VIP-CRA (84 ng) in RIBI adjuvant. IgG purified by protein G-Sepharose 
chromatography (100 nM) was incubated with Bt-VTP-CRA 4 (•) or hapten-CRA 1 (O) (10 jaM, 4 h). 

Example 7 

Fig 44. Concentration-dependent HIV-1 neutralization by two monoclonal IgG antibodies raised by 
immunization with gpl20-CRA. PBMC infected with primary HIV-1 isolate ZA009 (clade C, R5-dependent). 
Equivalently purified irrelevant control Ab CRL1689 was studied in parallel. Neutralization determined by 
measuring p24 levels (see text). 

Example 8 

Fig. 45. Characteristics of lupus L chain clone SKL6 isolated by phage binding to gpl20(421-431>CRA. ;i 4 1 
Cleavage of synthetic gpl20(421-432)-methylcoumarinamide (MCA) by L chains selected using gpl20(421- 
431)-CRA. Cleavage reaction monitored by fluorimetry (release of the C terminal MCA group). L chains clones 
purified by metal affinity chromatography analyzedrN=28 . Substrate, 5 uM. &. Streptavidin-peroxidase SDS- 
gels showing cleavage (arrow) of biotinylated -^2^(Bt-gpl20) by L chain SKL6 and lack of cleavage of 
unrelated proteins (biotinylated BSA and extracellular domain of EGFR). Lanes 1, 3 and 5 show SKL6- 
gpl20 reaction mixtures; lanes 2,4 and 6 show control noncatalytic L chain~gpl20 reaction mixtures. Substrate 
proteins, 0.3 uM (each protein biotinylated at Lys residues). 0.3 mol biotin/mol gpl20. L chains, 0.03 uM, 24 
hours incubation. Q. Covalent L chain SI<Q6 binding of Bt-gpl20(421-431)-CRA as a function of time. L 
chain 1 uM, CRA 10 uM. Inset, streptavidin-peroxidase stained blots of SDS-gels corresponding to the time 
points in the graph. Active site protection by gp!20(421-436). Shown are streptavidin-peroxidase stained 
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SDS gels of covalent Bt-gp 120(42 1-43 6) (10 \*M) adducts formed with the L chain (1 \sM) in the absence (lane 
1) and presence of gp 120(42 1-436) (10 ^iM; lane 2) and an irrelevant peptide [EGFR(351-364), 10 \xM; lane 3]. 
E± Model of peptidyl CRA interactions with the L chain active site. 

Fig. 46. Cleavage of Bt-gpl20 (0.1 fxM) by purified lupus single chainFv clones GL2 and GL59. Fv, 55 nM, 
24 h incubation. Fv GL46 analyzed in parallel is devoid of cleavage activity (indistinguishable from Bt-gpl20 
treated with diluent). 

Esamnle 10 

Fig. 47. Apl-40 cleavage by IgL hkl4 under conditions of reduced aggregation (100 \sM). Apl-40 was 
incubated with 2.5 IgL for 24h. An ahquot was analyzed by HPLC with online ESI mass spectroscopy. 
Conditions: CI 8 column, solvent: A=0.2 % formic acid in water, B=0.2 % formic acid in acetonitrile. Gradient: 
A:B 97:3, 5 min; 97:3 to 40:60, 20 min; 40:60 to 0:100, lmin. ESI mass spectroscopy, positive mode, 0-2000 
amu range. A is the A220 trace from the HPLC column. Peak identification in A was by mass spectra shown in 
B (Apl-14) and C (Apl5-40). Observed ion series in B (m/z 425.9, 567.3, 850.1) correspond to exact mass 
values of multiply charged Ap 1-14 species [(M+4H)4+, (M+3H)3+, (M+2H)2+]. Observed ion series in C (m/z 
884.0, 1324.9) correspond to the exact mass values of AP15-40 (M+3H)3+ and 1324.9 (M+2H)2+ ions. 

Fig. 48. Ap-CRA and Ap-CRAWstructures. For conjugation to carrier proteins, a Cys is placed at the N 
terminus. Covalent adduct formation can be monitored using CRAs with biotin at the N terminus. In CRAW 4, 
the H1S4 sequence in Rl permits binding of metals (M) such as Zn +2 and Cu +2 , which can coordinate water 
molecules forming a hexakis complex. The hapten CRA allows detection of covalent reactivity independent of Ap 
noncovalent recognition. 

Example 11 

Fig. 49. VIP-CRAs and pyruvyl VTP-CRA. R, H or biotin. 
DETAILED DESCRIPTION OF THE INVENTION 

1. Serine protease-like Abs. Nucleophilic reactivity is the basis for Ab proteolysis (Fig 1). The nucleophilicity 
derives from activation of certain amino acid side chains. In serine proteases, precise spatial positioning of the 
Ser-His-Asp triad allows formation of a hydrogen bonded network that imparts nucleophilic reactivity to the Sex 
oxygen. Abs were predicted in 1 973 to express proteolytic activity based on sequence homology between CDR1 
of Bence Jones proteins and the peptide region surrounding the active site Ser residue of serine proteases (1). A 
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catalytic triad akin composed of Ser27a-His93-Aspl has been identified in the light chain (L chain) of an Ab to 
VIP by site-directed mutagenesis (2). As in non-Ab serine proteases, hydrogen bonding with His93 appears to 
confer nucleophilic reactivity to the Ser residues and Aspl is correctly positioned to serve as the third component 
of the triad. 

Recent studies indicate that a large proportion if not all Abs express serine protease-like nucleophilic reactivity at 
levels greater than conventional enzymes (3). These Abs were identified using covalently reactive hapten 
phosphonate esters (4,5), the electrophilic phosphorus atom in which forms a stable covalent bond with activated 
nucleophiles. Previous mutagenesis studies along with screening for catalysis has indicated that the nucleophilic 
and proteolytic activities are heritable traits, encoded by germline V domains (6). [About 50 V H and 50 V L genes 
along with a smaller number of diversity and joining genes constitute the inherited Ab repertoire.]. Because the 
catalytic activity is germline-encoded, in principle, the immune system should be capable of mounting catalytic 
Ab responses to any polypeptide antigen. The ability to produce catalytic Abs depends, then, upon success in 
recruiting the germline V genes and inducing their adaptive specialization for recognition and cleavage of the 
polypeptide. 

It is important to note that the covalent reactivity is a necessary but not sufficient condition for catalysis. This is 
because completion of the catalytic cycle requires facilitation of events occurring after formation of the covalent 
acyl-enzyme intermediate, i.e., hydrolysis of the intermediate and release of product peptides. Nucleophilic 
proteins devoid of this capability will not express catalytic activity. Therefore, only a subset of nucleophilic Abs 
are anticipated to express catalytic activity. 

2. Innate nucleophilic and catalytic activities. The Ser27a-His93-Aspl site of the VIPase L chain cited in the 
preceding paragraph is also present in it germline VL counterpart (7). Four replacement mutations were identified, 
however, in the adaptively matured L chain (compared to the germline protein). These were reverted to the 
germline configuration by mutagenesis without loss of catalytic activity (6), confirming the germline origin of the 
activity. This is in line with findings that Abs and L chains in unimmunized humans and animals express 
promiscuous peptide bond cleaving activity (8-10). 

IgM Abs from immunologically naive mice and healthy humans are disclosed in the present invention to display 
nucleophilic and proteolytic activities exceeding IgG Abs. Moreover, \i cham-containing B cell receptors (BCRs) 
expressed on splenic B cells account for most of the nucleophilic staining of the cells by hapten CRAs. Several 
previous studies have suggested important roles for serine protease activities in B cell development but the 
molecular identity of the activities was not determined. The serine protease inhibitors disiopropyl 
fluorophosphates (DFP) and a-1 antitrypsin inhibit B cell division in response to mitogens (1 1,12). The DFP- 
sensitive enzyme is cell-associated and prefers Arg-containing substrates (13). The stimulatory effect anti-^i Ab on 
BCR activated signal transduction is inhibited by serine protease inhibitors (14), and anti-}i Ab mediated B cell 
activation induces appearance of a serine protease activity on the cell surface (15). CRAs are serine protease 
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inhibitors. As the major CRA-reactive constituents on the B cell surface are the BCRs themselves, endogenous 
covalently reactive ligands are hypothesized to bind the nucleophilic sites and influence B cell development. 

3. Antigen-specific nucleophilic and catalytic activities. Functional coordination between the traditional non- 
covalent binding forces responsible for antigen-specific recognition of mature Abs and their nucleophilic sites was 
examined using polypeptide CRAs. These CRAs contain the electrophilic group within the peptide backbone or 
the side chain groups of proteins (Fig 2). Abs specific for the peptide epitopes incorporated in polypeptide CRAs 
(pCRAs) displayed irreversible binding at levels exceeding irrelevant Abs (3). This was true for every Ab 
examined. The results using the pCRAs provide support for the split-site model of the active site (16), in which 
distinct amino acids are responsible for the nucleophilic reactivity and noncovalent binding interactions. 

Despite excellent antigen-specific nucleophilic reactivity, most IgG Abs do not express antigen-specific catalytic 
activity. The main hurdle in inducing antigen-specific proteolytic Ab responses has been the existence of 
physiological regulatory processes that limit adaptive improvement of the catalytic function over the course of the 
immune response (Fig 3). This may be explained by hypothesizing the existence of barriers to catalyst synthesis 
under physiological conditions . Occupancy of the BCR (surface Ab associated with Iga/Igp) by the antigen drives 
B cell proliferation. Efficient BCR catalysis will abort clonal proliferation if the rate of product release is more 
rapid than BCR transmembrane signaling necessary to induce cell division. Catalyst synthesis may be permissible,, 
therefore, only to the extent that the rate of product release is slower than the rate of transmembrane signaling. In 
comparison, there is no bar to improved Ab nucleophilicity if this prolongs BCR occupancy. In the extreme case, 
increased nucleophilicity could result in formation of a full covalent bond with the antigen. A lesser manifestation 
is the formation of partial covalent bonds by resonant electron sharing mechanisms (see Fig 1 ; a familiar example 
of a weak bond with partial covalent character is the hydrogen bond). A nucleophilic Ab may also form stable, 
v dead-end covalent complexes with the antigen -two such examples are published (17,1 8), andin an unpublished 
study in our lab, we observed stable binding of albumin by certain Abs that were resistant to SDS treatment. 

The hurdle cited in the preceding paragraph has been surmounted as disclosed here by irnmunization with a pCRA 
derived from the HIV-1 coat protein gpl20. The gpl20-CRA induced the production of gpl20-specific catalytic 
Abs (1 9). This strategy is designed to induce adaptive maturation of Ab V domains for noncovalent recognition of 
peptide epitopes and simultaneously strengthen the chemical reactivity of the germline Ab nucleophiles. The 
noncovalent binding ensures Ab specificity for individual antigens. Fig 1 depicts the reaction scheme of catalytic 
Abs with the antigen and their CRA analogs. Synthesis of Abs with increased nucleophilicity is promoted by 
incorporating within the peptide epitopes tetrahedral phosphonate diesters capable of selective covalent binding of 
nucleophilic residues (4,5,20). A positively charged amidino group is incorporated in proximity to the 
phosphonate group - this group is a mimic of Lys/Arg residues, introduced into the pCRAs because many (but not 
all) proteolytic Abs cleave peptide bonds on the C terminal side of positively charged residues (4,8,10). 
Proteolytic Abs can also cleave other types of bonds, including bonds that contain neutral, negatively charged, 
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aromatic and bulky groups at the PI and PI * positions (corresponding to the immediate amino acids at the N and 
C terminal flanks of the scissile bond; ref 24). Rceently, we identified certain Abs that cleave a His-Gln bond in 
the P-amyloid 1-40 peptide (Paul and coworkers, unpublished). 

Leaving group strength in the pCRAs is another determinant of their covalent reactivity - use of strong leaving 
5 groups such the p-nitrophenol and phenol groups allowing covalent binding to weak nucleophiles. The design of 
peptidyl- and protein-CRAs is based on the split-site model of the active site, in which distinct amino acids are 
responsible for the nucleophilic reactivity and noncovalent binding interactions. In this model, the nucleophile 
makes little or no contact with the Ag until the after noncovalent binding is complete. Once initial binding has 
occurred, flexibility in the active site allows the nucleophile to contact the Ag and initiate the chemical reaction. 

1 0 Exploiting the structural features of natural proteolytic Abs is an essential element of design principles underlying 
immunogens capable of bypassing the physiological restriction on catalyst synthesis. Additional refinements in the 
structure of the immunogens and immunization regimen are readily conceived, including use of carbon-based 
pCRAs with longer half-lives than the phosphonate compounds and inclusion of a motif that promotes 
accommodation of a water molecule close to the reaction center in the Ab active site. The phosphorus atom is 

15 important only inasmuch that it can express covalent reactivity when the phosphonate group is appropriately 
esterified. Carbon can express chemical reactivities similar to the phosphorus and elements such as boron and 
vanadium also offer appropriate electrophilic reactivity to serve as replacemrnts for the phosphorus atom. In 
addition to enhancing Ab nucleophilicity, noncovalent stabilization of the transition state reaction center is 
desirable to enhance the quality of the elicited catalytic response. Recent studies by our group indicate that 

2 0 negatively charged phosphonate monoesters express sufficient electrophilicity to form covalent bonds with 
nucleophiles found in serine proteases. This allows design of pCRAs that combine both features of peptide bond 
transition state implicated in rapid catalysis, i.e., electrostatic interactions at the negatively charged oxygen atom 
and covalent reactivity of the carbon atom (4,5). 

As noted previously, immunization with negatively charged (oxyanionic) haptenic TSAs allows induction of 

2 5 esterase but not proteolytic Abs (2 1 ,22). In comparison, success in inducing proteolytic Abs by the compounds 

disclosed in the present application can be understood from recruitment of the innate forces utilized by Abs in 
their interactions with the antigen, that is, nucleophilic reactivity coordinated with noncovalent binding at epitope 
constiuetents distant from the reaction center. 

3. Adaptive regulatory processes in autoimmune disease. As noted above, the main hurdle in routine 

3 0 generation of antigen-specific proteolytic Ab responses is the existence of physiological regulatory processes that 

limit adaptive improvement of the catalytic function over the course of the immune response. Autoimmune disease 
is associated with comparatively high turnover catalytic Abs (23-27). For instance, healthy humans express low 
affinity VIP-binding autoantibodies that bind VIP (28), but VIP-specific catalytic Abs are found only in 
autoimmune disease (29). Catalytic autoantibody V domains are adaptively matured, judged from their 
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CDR/framework mutational patterns (30) and high affinity for the autoantigen (23). This suggests the existence of 
pathophysiological mechanisms allowing evasion of physiological restrictions on catalysis. Intrinsically 
accelerated BCR signaling rates in autoimmune disease appears to explain adaptive improvements of BCR 
catalytic activity to levels precluded under physiological conditions (Fig 3). Several reports have linked 
5 autoimmunity with dysfunctional B cell transmembrane signaling. CD 1 9, a membrane protein associated with the 
BCR (3 1), diminishes the threshold for antigenic stimulation of B cells (32,33), and another membrane protein, 
CD22, increases the threshold (34). Lyn, a Src protein tyrosine kinase, also transduces antigen-stimulated BCR 
signaling (35). Dysfunction of these proteins is associated with autoantibody production. 

An alternative explanation for enhanced production of proteolytic Abs in autoimmune disease is the hypothesis of 
1 0 endogenous compounds that bind covalently to the BCR nucleophilic site. Immunization with a poylpeptide CRA 
was shown to surmount the physiological barriers to adaptive improvement of Ab proteolytic activity (19). 
Naturally occurring serine protease inhibitors and reactive carbonyl compounds previously shown to bind 
covalently to nucleophilic sites can be conceived as potential endogenous CRAs. For example, an amidino 
derivative of pyruvate has been shown to react covalently with the Ser nucleophile of trypsin and thrombin (3 6,37; 
15 the amidino group occupies the PI subsite without participating in the covalent reaction). Additional candidate 
CRAs are electrophiles produced as a result of lipid peroxidation and protein glycation (Maillard's reaction), 
processes that occur at enhanced levels in autoimmune disease (38-40). Well known examples are 4-hydroxy-2- 
nonenal and malondialdehyde (products of lipid peroxidation; refs 41,42) and glyoxal, methylglyoxal and 
pentosidine (reactive carbonyl compounds generated during sugar metabolism; ref 43). These compounds are 
2 0 capable of reacting covalently with enzymatic active site nucleophiles (44), and at slower rates, with Arg and Lys 
residues (41). 

CRA structural design principles are critical to isolation of catalytic Abs from the autoimmune repertoire. For 
example, catalytic Abs in the Ab repertoire expressed by patients with the autoimmune disease systemic lupus 
erythmetosus express specificity for recognition of gpl 20. Identification of these Abs is enabled by pCRAs that 
2 5 contain the appropriate peptide epitopes of gp 1 20 apposed to a tetrahedral phosphonate diester capable of covalent 
binding to Abs nucleophilic residues (see Figs 45 and 46). This is important because the Abs from lupus patients 
are directed to a comparatively conserved epitope and they neutralize viral infection in tissue culture (45). Several 
reports in the clinical literature have discussed the rarity of AIDS in lupus patients (46-48). Disclosed in the 
present invention are catalytic Ab fragments from a lupus phage display library by binding to gpl20-CRAs. 

30 4. pCRAs. pCRA structure is based on the split site model of covalent/catalytic antibodies in which the antibody 
paratope and nucleophilic regions are treated as two distinct subsites.pCRAs are derivatives of proteins and 
polypeptides in which one or more amino acid side chains are linked to the electrophilic group (E) (Fig 2). 
Linkage of E to the amino acid side chain can be accomplished directly or through the use of an adaptor 
functionality, which is then considered to be a component of E in the general pCRA formula shown in Fig 4. Lx 
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corresponds to any amino acid at which E is coupled.. Typical examples of Lx are Lys, Asp, Glu, Cys, Ser, Thr 
and Tyr. Examples of the site of linkage of E to these amino acids include the -NH2, -COOH, -SH and -OH 
groups. L correspond to a linear or discontinuous antigenic epitopes [LI . ...Lm] that are spatially in proximity 
with the attached electrophile E and recognized by the antibody. Dotted lines connecting Ll-Lm represent short 
5 or extended lengths of the ligand region that do not serve as components of the antigenic epitope.As proteins can 
express one or more antigenic epitope, the pCRA may contain one or more sets of each reactive unit composed 
of[Ll . . . .Lm], Lx and E. X-ray crystallography studies have shown that [LI . . . .Lm] can be composed of few as 4 
amino acids and as many as 30 amino acids in the case of polypeptide antigens. 

E can be any electrophile capable of forming a covalent bond with nucleophiles expressed by secreted Abs and 
1 0 Abs expressed on the cell surface. Examples of suitable electrophiles are the phosphorus atom in phosphonate 
esters; the carbon atom in carbonyl esters, carbonyl amides, carbonates, aldheydes, ketones and and aliphatic and 
aromaric carbonyl compounds; the boron atom in boronates and the vanadium atom in vanadates. Optionally, Y 
can include a partially or fully negatively charged atom attached to the electrophilic atom, for example, the 
negatively charged oxygen atom close to the electrophilic phosphorus atom in phosphonate monoesters. Electron. 
1 5 withdrawing and donating groups are linked directly to the electrophilic atom or via spacer groups to enhance and 
decrease the covalent reactivity with nucleophiles in Abs owing to inductive effects. Examples of such groups are 
provided in Figs 5 Substituents 1-18 represent groups with varying electron withdrawing capacity. The ideal 
substituent is one that permits selective binding to the active site of the desired catalyst without binding other 
catalysts that utilize nucleophilic covalent mechanisms. For example, increasing the covalency of the phosphorus 
20 atom to very high levels is undesirable because this permits it to bind enzymes essential to life, such as 
acetylcholinesterase. Decreases in the covalency of the phosphorus atom are achieved using 19-35 substituent 

Optionally, a positive charge or a negative charge is placed in the vicinity of the electrophilic atom to mimic the 
basic residue and acidic residue specificity of covalent and catalytic Abs, respectively. Similarly, the bulk, 
hydrophobic character and hydrogen bonding propensity of groups in the vicinity of the electrophilic atom can be 

2 5 varied to optimize neighboring group specificity of the Abs. The flexibility of the adaptor group through which E 

is linked to the amino acid side chains is varied to ensure that noncovalent epitope binding occurs in coordination 
with the nucleophilic reaction. 

Hydrolysis of covalent Ab-antigen complexes can oe a limiting factor in the catalytic reaction. To facilitate 
synthesis of efficient proteolytic antibodies in which the hydrolysis reaction occurs readily, a water binding site 

3 0 can be placed in the vicinity of E in the pCRA immunogen. Examples of the water binding sites are shown in Fig 

6. Such water binding pCRAs are designated pCRAWs. Examples of pCRAWs are shown in Fig 6. A fully 
assembled pCRAW analog of a P-amylod peptide is shown in Fig 48. In these examples, the water binding group 
is a metal ion chelated within the pCRA structure. In the case of pCRAWs containing phosphonate monoesters as 
the electrophilic group, the phosphorus atom itself provides a metal ion chelating ability, which could bring bound 
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water even closer to the electrophilic reaction center. Immunization with pCRAWs allows synthesis of antibodies 
that have sufficient room in their active sites to allow water to diffuse to the reaction center. There is no 
requirement that the Ab must bind a metal or contain an activated water molecule bound to the metal, although 
such an occurrence is within the scope of the present invention. Essentially, Abs to pCRAWs express three 
5 coordinated activities required for specific, high turnover proteolysis; i.e., specific noncovalent recognition of an 
antigenic epitope, covalent binding to an electrophile and sufficient space to accommodate a water molecule 
capable of facilitating the hydrolysis reaction. 

The electrophile and the noncovalent groups of pCRAs and pCRAWs must be in register spatially, as the purpose 
is to combine covalent binding of these compounds to Ab nucleophiles with noncovalent binding to Ab paratope. 

1 0 Placement of the electrophile on the side chains of various amino acids in the pCRA and pCRAW preparations 
permits its simultaneous covalent binding to the antibody nucleophile, and of the antigenic epitope, to the 
antibody paratope. Although the electrophile is not located in the polypeptide backbone, flexibility in the 
antibody and pCRA or pCRAW allows the reaction to proceed. This allows affinity maturation of the variable 
domains of antibodies following immunization with the pCRA or pCRAW, resulting in increased nucleophilicity 

15 and increased paratope binding affinity. The antigenic determinants of the pCRA or pCRAW are structurally 
similar to the antigenic determinants found in targeted protein antigen. The electrophile in the pCRA or pCRAW 
corresponds to electrophilic group susceptible to covalent nucleophilic attack in the targeted protein, e.g., the 
carbonyl group of the peptide bond or the amide bond in Gin and Asn side chains. Thus, antibodies displaying 
high noncovalent binding affinity and rapid covalent reaction with pCRAs also display high affinity and covalent 

2 0 reactivity with the targeted natural protein. Antibodies that bind covalently to the natural protein inactivate the 
latter molecule permanently. In comparison, ordinary noncovalent antibodies dissociate from antigen-antibody 
complexes, regenerating biologically effective antigen. 

Exmples I-XI disclosed in this invention illustrate various methods useful for the following purposes: (a) 
Induction of synthesis of Abs that can bind covalently and specifically with the target polypeptide antigen; (b) 

2 5 Induction of synthesis of Abs that can specifically catalyze the hydrolysis of various target polypeptide antigens; 

(c) Isolation of specific covalent and catalytic Abs from the natural Ab repertoire expressed in patients with 
autoimmune disease; (d) Permanent inactivation of pathogenic catalytic Abs expressed by patients with 
autoimmune disease; (e) Use of transgenic mice with dysfunctional B cell transmembrane as hosts to raise 
catalytic Abs; and (f) Use of transgenic mice expressing the human Ab genes to raise human covalent and 

3 0 catalytic Abs. 

Covalently reactive antigen analogs (CRAA) have been described in US Patent 6,235,71 4. These can be used to 
raise covalent and catalytic Abs by the methods described in the present invention. Similarly, covalently reactive 
transition state analogs (CRTS As) are disclosed in US Patent application 1 0/1 14,716 (filing date 04/01/2002), and 
these can be used to raise covalent and catalytic Abs by the methods described in the present invention. 
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In one aspect of the invention, pCRAs and pCRAWs are administered to a living organism along with an 
immunological adjuvant under conditions whereby they stimulate production of antigen-specific proteolytic Abs. 
The dose of the immunogen, schedule of immunization and adjuvant are adjusted to allow elicitation of long- 
lasting immunity, including memory T and B cells that can rapidly mount a proteolytic immune response upon 
5 exposure to disease-causing agents like microbes and cancer cells. In this aspect of the invention, pCRAs and 
pCRAWs serve as prophylactic vaccines. The constitution of the vaccine is not limited to purified proteins and 
peptides. pCRA and pCRAW versions of whole microbes can be prepared to induce broad covalent and catalytic 
immunity against a variety of surface expressed antigens. 

In another aspect of the invention, the pCRAs and pCRAWs are applied for isolation of therapeutic Abs, for 
1 0 example by: (a) preparing monoclonal Abs from ordinary mice and transgenic mice expressing the human Ab 
repertoire; (b) chemical selection of the desired antibodies from autoimmune phage display libraries; and (c) 
directed evolution of the Abs in vitro. In each case, efficient methods for screening and selection are applied to 
permit isolation of rare Abs with the desired activities. The covalent and catalytic Abs so generated would then be 
administered to patients to inactivate targeted antigen moieties. In this scenario, should the patient experience 
1 5 adverse side effects, the immunizing pCRA or pCRAW may be administered to irreversibly inactivate the catalytic 
antibody. 

Finally, the pCRAs of the invention may be administered to patients who are currently expressing catalytic 
antibodies in association with a medical disorder such as autoimmune disease or multiple myeloma. pCRAs are 
designed to specifically react with the antibodies present. Inhibition of catalytic function should result in an 
2 0 amelioration of the disease state. These pCRAs are designed to contain a rninimally immunogenic B cell epitope 
and are administered without adjuvant, so that they do not induce the synthesis of Abs. 

The detailed description set forth below describes preferred methods for practicing the present invention. 
Methods are disclosed for stimulating synthesis of catalytic Ab and covalent antibodies of predetermined 
specificity by the immune system. In one embodiment of the invention compositions and methods are provided 

2 5 for the generation of catalytic antibodies to a polypeptide antigen of choice. In another embodiment, compositions 

and methods are provided which are useful in passive immunotherapy modalities for the treatment of HIV-1 
infection, cancer and other medical conditions. 

In another embodiment of the invention, vaccination protocols are described which elicit catalytic Ab and covalent 
Ab production to predetermined viral or pathogenic antigens. 

3 0 5. Identification and preparation of suitable pCRAs and pCRAWs. The structure of the pCRAs and 

pCRAWs is based on the structure of the targeted polypeptides. Examples of suitable polypeptides are shown in 
Table 2. pCRAs and pCRAWs can be prepared using synthetic peptides such as VIP and beta-amyloid peptides; 
full-length proteins such as gpl20, EGFR, IgE and Factor VIII; mixtures of pure peptides and proteins; whole 
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viruses like HTV-1; and whole protozoans and bacteria. 

Examples of suitable targets include those peptides and proteins that are already validated as targets of therapeutic 
monoclonal Abs, e.g., EGFR, VEGF and TNF-a; and, peptides and proteins derived from microbial organisms 
and the microorganisms themselves. Endogenous human polypeptides to be targeted include soluble ligands and 
the membrane bound receptors for these ligands. Inflammatory mediators are also suitable targets for catalysis. 
Exemplary molecules in this group include TNF, IL-lbeta, IL-4 as well as their cognate receptors. Microbial 
proteins can also be targeted for catalysis by the antibodies of the present invention. These include but are not 
limited to gpl20, gpl60, Lexl repressor, gag, pol, hepatitis B surface antigen, bacterial exotoxins (diptheria toxin, 
C. tetani toxin, C. botulinum toxin, pertussis toxin). Cancer-associated antigens to be targeted include but are not 
limited to EGF, TGFa, p53 products, prostate specific antigen, carcinoembryonic antigen, prolactin, human 
chorionic gonadotropin, c-myc, c-fos, c-jun, p-glycoproteins, multidrug resistance associated proteins, 
metalloproteinases, angiogenesis factors, EGFR, EGFR mutants, HER-2, prolactin receptors, and steroid 
receptors.. 

To identify of the biologically important determinants in proteins serves as a guide to identify synthetic peptides 
suitable as starting material for pCRAs and pCRAWs. For example, the binding of HIV gp!20 to host cell 
receptors is mediated by a discontinuous determinant that contains residues located in the C4 region of the protein. 
Peptides corresponding to this region (e.g., residues 421-436) can serve as suitable starting material for the 
pCRAs and pCRAWs. Many of the important determinants in viral and cancer associated proteins have been 
mapped using conventional monoclonal Ab-based methods. This knowledge facilitates the design of efficacious 
pCRAs and pCRAWs useful as catalytic antibody inhibitors as well as inducers of catalytic antibodies with 
specificity against predetermined epitopes. 

Preexisting catalytic antibodies are found in autoimmune disease and lymphoproliferative disorders. The harmful 
actions of these catalytic antibodies will be inhibited by administering pCRAs to patients. pCRAs are designed to 
be non-immunogenic or weakly immunogenic. Examples of catalytic Abs to be inactivated by pCRAs are those 
directed to VIP, Factor VIE, fibrillin-1, DNA, Arg-vasopressin, thyroglobulin, thyroid peroxidase, IL-1, IL-2, 
interferons, proteinase-3, glutamate decarboxylase. 

Example I describes an exemplary peptide derived from the CD4 binding site of gpl20 that is suitable for 
preparation of pCRAs and pCRAWs for raising covalent catalytic and catalytic Abs to HTV-1 gpl20. This 
peptide is a mimetic of residues 421-433 of gpl20. 

Efficient Ab synthesis by B cells is dependent in part on recruitment of T helper cells, which, once sensitized, 
secrete the necessary stimulatory cytokines and activate B cells by direct contact mediated through accessory 
molecules, such as CD4 on T helper cells and B7 on B cells. Recruitment of Ag-specific T cells occurs through 
recognition by the T cell receptor (TCR) of the complex of a processed Ag epitope bound to MHC class H 
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molecules. 

T cell help for Ab synthesis is potentially subject to restriction in different individuals due to MHC 
polymorphism. The pCRAs and pCRAWs are conjugated to a suitable carrier protein such as tetatus toxoid or 
key hole limpet hemocyanin, which serve as a source of universal T epitopes. Alternatively, a peptide known to 
5 serve as a universal T cell epitope can be incorporated into the immunogens (49). 

Empirical experimental criteria considered significant in designing the structure of the pCRAs and pCRAWs 
include: 

© Potency of inhibtion of catalytic activity and potency of covalent binding to Abs (Ki). The best 

pCRAs and pCRAWs are identified by screening panels of these compounds for the ability to inhibit 
10 non-Ab serine proteases and Ab serine proteases. 

• Ability of pCRAs and pCRAWs to select high turnover, specific catalysts from displayed antibody 
libraries (see ref 4 for phage display methods; other display methods such as bacterial and yeast 
display are also suitable). 

• Immunization of experimental animals with pCRAs and pCRAWs followed by analysis of polyclonal 
15 serum antibodies and monoclonal antibodies from the immunized animals for the desired covalent 

and catalytic activity. 

6. Administration of pCRAs and pCRAWs 

pCRAs and pCRAWs as described herein are intended to be administered to a patient as a pharmaceutical 
20 preparation. The term "patient" as used herein refers to human or animal subjects. The pharmaceutical 
preparation comprising the pCRAs and pCRAWs of the invention are conveniently formulated for administration 
with a acceptable medium such as water, buffered saline, ethanol, polyol (for example, glycerol, propylene glycol, 
liquid polyethylene glycol and the like), dimethyl sulfoxide (DMSO), oils, detergents, suspending agents or 
suitable mixtures thereof. The concentration of pCRAs and pCRAWs in the chosen medium will depend on the 

2 5 hydrophobic or hydrophilic nature of the medium. Solubility limits may be easily determined by one skilled in the 

art. 

As used herein, "biologically acceptable medium" includes any and all solvents, dispersion media and the like 
which may be appropriate for the desired route of administration of the pharmaceutical preparation, as exemplified 
in the preceding paragraph. The use of such media for pharmaceutically active substances is known in the art. 

3 0 Except insofar as any conventional media or agent is incompatible with the pCRAs and pCRAWs to be 

administered, its use in the pharmaceutical preparation is contemplated. 

Conventional immunization methods are applied to induce catalytic Ab synthesis. Several injections of the 
immunogens (about 100 ug peptide each) are administered to induce Ab synthesis. RIBI will be used in the 
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animal studies. For human use, alum will be employed as the adjuvant Alum is approved for human use. RIBI 
is a low toxicity replacement for Freund's Complete Adjuvant, and reproducibly facilitates good Ab responses to a 
variety of Ags. The immunogens may be administered parenterally by intravenous injection into the blood 
stream, or by subcutaneous, intramuscular or intraperitoneal injection. Pharmaceutical preparations forparenteral 
5 injection are commonly known in the art. 

The pharmaceutical preparation is formulated in dosage unit form for ease of administration and uniformity of 
dosage. Dosage unit form, as used herein, refers to a physically discrete unit of the pharmaceutical preparation 
appropriate for the patient undergoing treatment. Each dosage should contain a quantity of active ingredient 
calculated to produce the desired effect in association with the selected pharmaceutical carrier. Procedures for 
1 0 determining the appropriate dosage unit are well known to those skilled in the art. 

The pharmaceutical preparation intended to inhibit catalytic Abs maybe administered at appropriate intervals, for 
example, once a day until the pathological symptoms are reduced or alleviated, after which the dosage may be 
reduced to a maintenance level. The appropriate interval in a particular case would normally depend on the 
condition and the pathogenic state sought to be treated in the patient. 

15 7. Administration of covalent antibodies and catalytic antibodies 

The covalent antibodies and catalytic Abs described herein are generally administered to a patient as a 
pharmaceutical preparation. 

The pharmaceutical preparation of the invention are conveniently formulated for administration with a acceptable 
medium such as water, buffered saline, ethanol, polyol (for example, glycerol, propylene glycol, liquid 
2 0 polyethylene glycol and the like), dimethyl sulfoxide (DMSO), oils, detergents, suspending agents or suitable 
mixtures thereof. The concentration of the Abs in the chosen medium will depend on the hydrophobic or 
hydrophilic nature of the medium, as well as the other properties of the catalytic antibodies. Solubility limits may 
be easily determined by one skilled in the art. 

As used herein, "biologically acceptable medium" includes any and all solvents, dispersion media and the like 

2 5 which may be appropriate for the desired route of administration of the pharmaceutical preparation, as exemplified 

in the preceding paragraph. The use of such media for pharmaceutically active substances is known in the art 
Except insofar as any conventional media or agent is incompatible with the catalytic antibody to be administered, 
its use in the pharmaceutical preparation is contemplated. 

Conventional passive immunization methods will be employed when administering the Abs. In a preferred 

3 0 embodiment, Abs will be infused intravenously into the patient. For treatment of certain medical disorders, steps 

must be taken to ensure that sufficient amounts of the molecules reach their target cells to exert abiological effect 

The lipophilicity of the molecules, or the pharmaceutical preparation in which they are delivered may have to be 
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increased so that the molecules can arrive at their target locations. Furthermore, the Abs of the invention may 
have to be delivered in a cell-targeted carrier so that sufficient numbers of molecules will reach the target cells. 
Methods for increasing the lipophilicity and targeting of therapeutic molecules, which include capsulation of the 
Abs of the invention into antibody studded liposomes, are known in the art. 

The covalent and catalytic Abs that are the subject of the present invention can be used as Ab fragments or whole 
Abs or they can be incorporated into a recombinant molecule or conjugated to a carrier such as polyethylene 
glycol. In addition any such fragments or whole Abs can be bound to carriers capable of causing the transfer of 
said Abs or fragments across cell membranes as mentioned above. Carriers of this type include but are not limited 
to those described (50). 

The pharmaceutical preparation is formulated in dosage unit form for ease of administration and uniformity of 
dosage. Dosage unit form, as used herein, refers to a physically discrete unit of the pharmaceutical preparation 
appropriate for the patient undergoing treatment. Each dosage should contain a quantity of active ingredient 
calculated to produce the desired effect in association with the selected pharmaceutical carrier. Procedures for 
determining the appropriate dosage unit are well known to those skilled in the art. For example, the half-life of 
syngeneic IgG in the human is about 20 days. Over this period, 60,480 Ag molecules will be cleaved by one 
molecule of an antibody with a turnover of 2. 1/min (51). It can be seen, therefore, that the peptidase antibodies 
can express considerably more potent antigen neutralizing activity than stoichiometric, reversibly-binding 
molecules. 

The pharmaceutical preparation comprising the catalytic Abs may be administered at appropriate intervals, for 
example, twice a week until the pathological symptoms are reduced or alleviated, after which the dosage may be 
reduced to a maintenance level. The appropriate interval in a particular case would normally depend on the 
condition and the pathogenic state sought to be treated in the patient. 

pCRAs and pCRAWs will be selected that will generate Abs suitable for passive or active immunotherapy that 
will fulfill the standard criteria for acceptable prophylatic or therapeutic agents: (1) Covalent binding or cleavage 
of the target peptide antigen by the Abs will lead to a beneficial change in a pathological process by either 
functionally activating or functionally inactivating the target peptide antigen; and (2) Administation of said Abs 
or the induction of their production in the body by means of immunization with pCRAs or pCRAWs will result in 
a favorable therapeutic index such that the clinical benefit gained outweighs the morbidity associated with any 
side-effects. Discussions of how such criteria are established for the acceptability of prophylatic or therapeutic 
agents are common in the art can can be found in such texts as Guide to Clinical Trials by Bert Spilker, Raven 
Press, New York, 1991. Acceptable criteria for demonstration of efficacy include, for example, in the case of 
tumor therapy, a reduction in tumor volume, time to progression and improved survival. In the case of HIV 
immunotherapy, efficacy is determined by measuring viral burden in the blood, CD4+ T cell counts and the 



WO 2004/087735 



PCT/US2004/009398 



incidence of opportunistic infections. 

Conventional monoclonal Abs that act to inhibit the function of particular target molecules are among the most 
common type of therapeutic agent under development for clinical use by biotechnology and pharmaceutical 
companies. Some of these have shown substantial clinical promise. For example, in the field of organ 
5 transplantation, a MoAb (OKT3) which binds to the T cell receptor has been employed to deplete T cells in vivo. 
Additionally, MoAbs are being used to treate graft v. host disease with some success. A clinical trial has been 
established which is assessing the ability of anti-CD4 moAB to deplete a subset of T cells in the treatment of 
multiple schlerosis. Accordingly, methods of administration of monoclonal antibodies are well known to 
clinicians of ordinary skill in the art. 

10 Any exposed peptide target antigen known to be suitable for conventional monoclonal Abs is a particularly 
suitable candidate target for the covalent and catalytic Abs that are the subject of the present invention. The Abs 
contemplated in the present invention will constitute a major inprovement over such conventional monoclonals 
because of their superior potency, resulting in dramatic decrease in the cost of treatment A listing of some of the 
antigens targeted by conventional monoclonal Abs showing clinical promise and the corresponding medical 

1 5 indications are shown in Table 2. 

Suitable categories of prophylatic or therapeutic target peptide antigens for the practice of the present invention 
include but are not limited to cytokines, growth factors, cytokine and growth factor receptors, proteins involved in 
the transduction of stimuli intiated by growth factor receptors, clotting factors, integrins, antigen receptors, 
enzymes, transcriptional regulators particularly those involved in cellular program (differentiation, proliferation 
2 0 and programmed cell death) control, other inducers of these cellular programs, cellular pumps capable of 
expelling anticancer agents, microbial and viral peptide antigens. 

Active immunization will be done using previously developed methods with vaccines designed to elicit protective 
antibody responses against the desired antigens. For example, the pCRAs and pCRAWs mixed with a suitable 
adjuvant formulation such as alum can be administered intramuscularly at a dose optimized for maximum 

2 5 antibody synthesis, and two or three booster injectijns can be administed at 4 week intervals, until the catalytic 

antibody concentration in the serum reaches plateau levels. The protective immunity so generated is anticipated to 
last for several years, because vaccination will result in formation of specific, long lived memory cells that can be 
stimulated to produce Abs upon exposure to the offending organism or cancer cell. Descriptions and methods to 
determine the catalytic Abs are set forth in the Examples. Because Ab synthetic response to most antigens are T 

3 0 cell dependent, an appropriate T cell epitope can be incorporated into the immunogen by peptide synthesis. 

Alternatively, a carrier such as keyhole limpet hemocyanin can be conjugated to the pCRA and pCRAW via 
coupling through lys side chain amino groups or Cys side chain sulfahydryl groups to maximize the antibody 
response if necessary. 
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While certain of the preferred embodiments of the present invention have been described and specifically 
exemplified above, it is not intended that the invention be limited to such embodiments. Various modifications 
may be made thereto without departing from the scope and spirit of the present invention. The following examples 
are provided to facilitate an understanding of the present invention. 

5 
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Example I 

Broadly Distributed Chemical Reactivity of Natural Antibodies Expressed in Coordination with 

Specific Antigen Binding Activity 

Many enzymes exploit covalent interactions with substrates to catalyze chemical transformations. Most studies on 
Ab catalysis, on the other hand, have focused on non-covalent binding forces as the mechanism by which the 
energy barrier between reactants and products is lowered, e.g., the electrostatic forces that stabilize the negatively 
charged oxyanionic transition state of ester hydrolysis (reviewed in 1 ,2). The underlying assumption has been that 
Abs interact with their ligands exclusively by non-covalent means. Initial indications that natural Abs express 
chemical reactivity indistinguishable from enzymes came from reports of proteolytic and nuclease activity of 
autoantibodies (3,4). Similar activities were later found in Ab light chains from multiple myeloma patients (5), 
alloantibodies from patients with transfusion-induced hemophilia (6), Abs raised by routine immunization with 
polypeptides (7,8) and anti-idiotypic Abs to anti-enzyme Abs (9). From mutagenesis and inhibitor studies, it 
appears that the proteolytic activity of natural Abs originates from nucleophilic mechanisms similar to those 
utilized by conventional serine proteases (10,11). The catalytic activity of natural Abs could be construed to 
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violate the principles of B cell clonal selection theory. Antigen-specific Abs develop over the course of the 
immune response by sequence diversification of germline genes encoding the V domains, followed by selective 
antigen binding by B cell receptors with the greatest affinity, which stimulates clonal proliferation Abs. Catalysis 
entails chemical transformation of the antigen and release of products (surface immunoglobulins associated with 
5 Iga and IgP subunits), which is predicted to result in cessation of B cell selection. Adaptive selection of Ab 
catalytic activity, therefore, may be a disfavored event. For this reason, catalysis by naturally occurring Abs is 
often assumed to be a molecular accident arising from sequence variability of the V domains, as opposed to a 
general phenomenon with functional implications. 

The foregoing restrictions do not apply to the initial step in the catalytic cycle of serine proteases catalyst In 
1 0 analogy with conventional enzymes, a nucleophile belonging to a proteolytic Ab (Nu in Fig 7A) is conceived to 
initiate nucleophilic attack on the antigen following formation of the non-covalent ground state complex. Adaptive 
development of Ab nucleophilicity is fully compatible with B cell clonal selection if the outcome is formation of a 
covalent acyl-Ab complex, as occupancy of the B cell receptor will be maintained. Whether the catalytic cycle is 
completed depends on the efficiency of hydrolysis of the acyl-Ab complex and release of the product. Recently, 
1 5 hapten phosphonate esters have been developed as probes for covalent binding to the active site nucleophiles in 
Abs displaying serine protease and serine esterase activity (11,12) (designated CRAs, covalently reactive antigen, 
analogs). These compounds can be applied for direct study of Ab chemical activity independent of additional 
activities needed for accomplishment of catalysis. In addition, the phosphonates can be placed within peptides 
and proteins (Fig 7B and 7C) for studying the interplay between Ab nucleophilic reactivity and noncovalent forces 
2 0 permitting specific recognition of individual polypeptides. 

We describe here observations suggesting the broad distribution of nucleophilic reactivity in IgG and recombinant 
Fv preparations at levels exceeding that of the conventional serine protease trypsin. Originally prepared as probes 
for catalytic Abs, CRA analogs of EGFR and an HIV gpl20 synthetic peptide were observed to form covalent 
adducts with ordinary Abs raised by immunization with antigens devoid of the phosphonate groups, suggesting 

2 5 that adaptive maturation processes favor expression of nucleophilic reactivity. These observations argue for Ab 

nucleophilicity as a force responsible for shaping the expressed Ab repertoire and suggest novel routes towards 
permanent inactivation of Abs. 

Methods 

Abs. Human polyclonal IgG was prepared by affinity chromatography on Protein G-Sepharose (Amersham 

3 0 Pharmacia) from sera of 6 healthy human subjects (lab codes 1086, 1087, 1088, 1091, 1092, 1518). IgG from 

pooled serum from 8 BALB/c mice (4-5 wk) was obtained similarly. Preparation of polyclonal Abs by 
hyperimmunization with synthetic Cys-gpl20(421-436) (KQHNMWQEVGKAMYA; residues 421-436 of gpl20 
HIV SF2 strain) conjugated to KLH is described in (1 3). Polyclonal Abs to exEGFR were raised by immunizing 
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female BALB/c mice (5-6 wk) intraperitoneally with exEGFR (10 ^injection) on days 0, 27 and 41 in RIBI 
adjuvant and with A43 1 tumor cells (10 7 cells in saline) on day 14. Monoclonal Abs to exEGFR (clones C225, 
HI 1 , and CI 1 1 .6) were purchased from Labvision (Fremont, CA). A control monoclonal anti-BSA IgG (clone 
BGN/H8) was from Biogenesis (Kingston, NH). Single chain Fv constructs (N=15) were picked randomly from a 
5 human Fv library derived from lupus patients described in (11) (MM series clones; 12, 14, 18, 20, 24, Fl, F2, 
F4, F5, F6, F7, Fl 1, F12, F14, F17, F18). The scFv proteins were purified to electrophoretic homogeneity (27 
kDa band) by metal affinity chromatography on Ni-NTA columns (1 1). Expression levels were 0.3-5.7 mg/liter 
bacterial culture. The library contains diverse scFv clones determined by nucleotide sequencing (1 1), assuring a 
broad sampling of Ab V domains. One of the scFv clones examined in the present study, MM-F4, was sequenced 
10 (GenBank#AF522073) and its VL and VH domains were determined to belong to families X and I, respectively, 
and the germline gene counterparts were Vl-13 and VH1-2, respectively. Confirmation ofscFv band identities in 
SDS-electophoresis gels was by immunoblotting using a monoclonal Ab to c-myc (10). 

Probes for nucleophiles. Synthesis of hapten CRA I (Fig 7) and its covalent reactivity with naturally occurring 
proteolytic Abs has been described previously (11,14). The electrophilic phosphonate diester mimics the peptide 
15 bond, the positively charged amidino group mimics the Lys/Arg PI preference of naturally occurring proteolytic 
Abs (11), and the biotin group permits sensitive detection of Ab-phosphonate adducts. H was prepared by 
condensation of diphenyl amino(phenyl)methanephosphonate (compound a) and 6-biotmamidohexanoic acid JV- 
hydroxysuccinimide ester (Sigma) as described for I. For preparation of HI, compound a (160 mg, 0.34 mmol) 
was treated with 30 % HBr/CH3COOH (5 ml). The resulting diphenyl amino(phenyl)methanephosphonate 

2 0 hydrobromide (100 mg, 0.24 mmol) was dissolved in 0.5 M sodium methoxide in methanol (9.5 ml), and file 

solution was stirred under N 2 (room temperature, 2 h). After removing solvent under reduced pressure, the residue 
was extracted with CH 2 C1 2 (50 ml), the extract washed with water (5 ml x 3), dried over Na 2 S0 4 , and evaporated 
to dryness. The yellowish oily residue was dissolved in diethyl ether (30 ml). HC1 (1 M) in diethyl ether (0.25 ml) 
was added, yielding a precipitate that was collected by filtration and washed with diethyl ether; yield 35 mg, 68 
25 %; fa 1 1 .8 min (>97 % purity; CI 8 column, 5-80% acetonitrile in 0. 1 % trifluoroacetic acid, 50 min, 1 .0 ml/min); 
in/z by electrospray ionization mass spectroscopy 2 1 6 (MH+) . Biotinylation of this compound was done as usual 
(14). To prepare IV, diphenyl i\r-[0-(3-sulfosuccinimidyl)suberoyl]amino(4an^ 

(compound b) was first synthesized by mixing diphenyl amino(4-amidinophenyl)methanephosphonate (0.13 
mmol) in DMF (2 ml) containing N,N-dusopropylethylamine (0.11 ml, 0.63 mmol) and 

3 0 bis(sulfosuccinimidyl)suberate disodium salt (150 mg, 0.26 mmol; Pierce) for 2 h. b was purified by reversed- 

phase HPLC and lyophilized to give a colorless powder; yield 54%, 50 mg; m/z 715 (MH+). Electrophoretically 
pure exEGFR (0.5 mg; from Dr. O'Connor-McCourt, ref 15) was reacted with 6-biotmamidohexanoic acid N- 
hydroxysuccinimide ester (59 nmol; Sigma) in 0.53 ml 10 mM HEPES, 150 mMNaCl, 0.1 mM CHAPS, pH 7.5 
buffer (50 min, 25°C). Unreacted biotinylation reagent was removed by gel filtration (Micro Bio-Spin 6 column, 
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BioRad). Biotinylated exEGFR (0.33 mg) was then reacted with compound b (1 3 6 nmol) in 3.3 ml buffer for 2h. 
Following removal of excess b by gel filtration in 50 mM Tris-HCl, 100 mM glycine, 0.1 mM CHAPS, pH 7.8, 
the concentration of free amines in the initial and CRA-derivitized proteins was measured using fluorescarnine 
(16). Biotin content determined using 2-(4'-hydroxyazobenzene)benzoic acid (17) was 1.1 rnol/mol exEGFR. 
The density of phosphonate diester labeling was 19 mol/mol exEGFR. Total protein was measured using BCA 
(Pierce). Some experiments were done using exEGFR CRA IVa. This compound is identical to IV but for the 
presence of a disulfide bond in linker. To prepare IVa, the precursor diphenyl N-((3-sulfosuccinirnidyl)-3,3 > - 
dithiobispropionyl)amino(4-arnidinophenyl) methanephosphonate (compound c) was obtained as described for 
compound b using 3,3 '-d^thiobis(sulfosuccininiidylpropionate) (Pierce); yield 6.0 mg, 2 1 .4 %; tR 24.49 min, >98 
purity; 20-50% acetonitrile in 0. 1% TFA, 60 min); m/z 75 1 (MH+). Labeling with biotin and c was as described 
for IV (biotin and phosphonate diester content of IVa, respectively, 2.3 mol and 18.3 mol/mol exEGFR). 
Synthesis of peptidyl-CRAs V and Va and their chemical characterization are described in (18). V was 
conjugated with BSA using y-maleimidobutyric acidiV'-hyd^oxysuccinimide ester as in (13). BSA was pretreated 
with diphenyl N-(berizyloxycarbonyl)amino(^ (BSA, 21.3 uM; phosphonate, 

0.5 mM; solvent, 1 0 mM PBS containing 5% DMSO; 1 5.5 h) to block potential V binding sites. V/BSA molar 
ratio was 3.9 determined from consumption of-SH groups using Ellman's reagent. Storage of I-m was at-70°C 
as 1 0 mM solutions in iV;iv"-o^ethylfonnamide. IV and IVa were stored at -70°C in 50mM Tris-HCl, pH 8.0, 
0.1M glycine, O.lmM CHAPS. V and Va were stored at-70°C as 10 mM solutions in iV;7^dimethylfdnnamide. 

ELISA. Maxisorp 96-well microtitre plates (Nunc) were coated with gp 120(42 1-43 6) conjugated to BSA (20 ng 
peptide equivalent/well; see ref 13 for peptide conjugation method), V conjugated to BSA (20 ng peptide-CRA 
equivalent/well), exEGFR (200 ng/well) or exEGFR-CRA V (200 ng protein equivalent/well) in 100 mM sodium 
bicarbonate buffer (pH 8.6, 2 h). ELISA procedures were essentially as described in (13). Bound murine IgG was 
detected with goat anti-mouse IgG-HRP conjugate (Fc specific; Sigma, Saint-Louis, MO; 1:1000). 

Irreversible CRA binding. Following incubation of biotinylated CRAs with Abs or trypsin (porcine, type DC, 
Sigma) in 50mM Tris, HC1, lOOmM glycine, O.lmM CHAPS, pH 7.7 at 37°C, the reaction mixtures were boiled 
(5 min) in 2% SDS and subjected to SDS-PAGE (4-20%, Biorad or 8-25% Phast gels, Amersham). 
Electroblotting and biotin detection procedures using streptavidin-HRP and a chermluminescent substrate 
(Supersignal, Pierce) are described in (1 1). Imaging and quantification was on X ray film (Kodak) using Unscan-it 
software (Silk scientific, Orem, Utah) or Fluoro-STM Multilmager (Biorad). Band intensities are expressed in 
arbitrary area units (AAU). Valid comparisons of band intensities from different experiments is not possible as 
exposure and development times were not held constant. Diisopropyl fluorophosphate (Sigma) was kept at 4°C 
until used. In some experiments, biotinylated BSA (Pierce, 8 mol biotin/mol protein) was electrophoresed at 
several concentrations in parallel with the samples and the biotin content of the CRA adducts was determined. 
Pseudo-first order rate constants (kobs) were computed from reaction progress curves by fitting to the equation 
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Bt^BmaxO-expC-kobst)) where B t represents adduct concentration at various times and Bmax, the initial Ab 
concentration. Immunoblotting with goat anti-mouse IgG Abs was as in (7). 

Proteolysis assay. Catalytic activity was measured by fluorimetric determination (A,ex 360 nm, A, cm 470 nm; Varian 
Cary Eclipse) of the cleavage of amide bond linking arninomethylcoumrain to the C terminal arnino acid in short 
5 peptide-MCA substrates (10). Catalysts were incubated with peptide-MC A substrates (Pro-Phe-Arg-MC A, Boc- 
Glu-Ala-Arg-MCA, Boc-He-Glu-Ala-Arg-MCA; 200 [M; Peptide International) in 50mM Tris HC1, 0.1M 
glycine, 0.025% Tween-20, pH 8.0 at 37°C in 96-well plates. In some assays, comparison of IgG and trypsin 
proteolytic activity was done in lOmM sodium phosphate, pH 7.4, 0.137MNaCl, 2.7 mMKCl, 0.1 mM CHAPS. 
Authentic aminomethylcoumarin (Peptide International) was used to construct a standard curve from which 
1 0 product release was computed in molar values. 

Results 

Ab nucleophilicity identified with hapten CRAs. Phosphonate hapten CRAs I-HI (Fig 7) are analogs of known 
active site-directed inhibitors of serine proteases (19). Like the serine protease trypsin, IgG from a healthy human 
subject formed adducts with CRA I that were resistant to boiling and the denaturant SDS (Fig 8; IgG, 150 kD 

1 5 adducts; trypsin, 2 1 kD adducts). Pooled IgG from immunologically unmanipulated B ALB/c mice formed similar 
I adducts. The positively charged amidino group in CRA I was originally incorporated in this compound to allow 
selective recognition of trypsin, which displays preference for basic residues at the PI site (the residue 
immediately adjacent to the cleavage site in peptide substrates; ref 20). CRA II lacks the positively charged 
amidino group adjacent to the covalently reactive phosphorus atom. IgG was 240-fold less reactive with II than I, 

2 0 suggesting the trypsin-like PI specificity of Abs. HI, which contains a weaker leaving group than I did not form 
detectable adducts with IgG (the presence of methoxy leaving groups reduces the electrophihcity of the 
phosphorus atom; methoxy-containing phosphonate diesters are reported to bind weakly with certain serine 
proteases, ref 21). Increasing formation of covalent I adducts with IgG and trypsin was evident as a function of 
reaction time (Fig 8 B). The velocity of the reaction for IgG was 1 4.5 fold greater than for trypsin measured under 

2 5 identical conditions (1 72.7±14.2 and 1 1 .9±0.6 AAU/min, respectively; from linear regression of Fig 8 B data). 

Assuming hydrolysis of the phosphonylated-protein complex is equivalent (see reaction scheme in Fig 7), it may 
be concluded that the nucleophilic efficiency of IgG is superior to that of trypsin. 

IgG preparations from healthy humans and immunologically unmanipulated mice have been documented to cleave 
small model peptide substrates on the C terminal side of basic residues; the cleavage activity was observed in each 

3 0 of several IgG preparations examined; the activity comigrated with intact 1 50 kD IgG in denaturing gel filtration 

studies, and it was expressed by Fab preparations prepared by papain digestion (22). In the present study, we 
compared the proteolytic activity of trypsin and IgG from a healthy human subject (the same preparation as in Fig 
8 nucleophilicity studies). With Glu- Ala- Arg-MC A and Pro-Phe-Arg-MC A substrates, initial rates of proteolysis 
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by IgG were, respectively, 1 .8 x 10 5 -fold and 6.8 x 10 5 -fold smaller than by trypsin (Fig 9 A and B, determined 
from the slopes of the progress curves). Glu-Ala-Arg-MCA is the preferred substrate for trypsin. Glu-Ala-Arg- 
MCA and Pro-Phe-Arg-MCA are the preferred substrates for human IgG determined from previous screening of a 
panel of peptide-MCA substrates (22). The magnitude of proteolysis by this IgG preparation falls within the range 
5 reported previously for other human IgG preparations. Despite its superior nucleophilic reactivity, the IgG is 
evidently a poor catalyst compared to trypsin. 

CRA I and DFP (another active-site directed inhibitor of serine proteases) inhibited the catalytic activity of IgG- 
catalyzed peptide-MCA cleavage (Fig 9 C), and DFP inhibited the irreversible binding of CRA I by the IgG (by 
95%). These results provide assurance that CRA I binds the catalytic sites of IgG. As DFP binds the active site of 
10 serine proteases, its inhibitory effect confirms the serine protease character of the I binding sites of IgG. 
Electrophoresis of I-IgG adducts under reducing conditions revealed labeling of both subunits by the hapten CRA, 
evident as biotin-containing bands at 50 kD heavy chain bands and 25 kD light chain bands (Fig. 9 D). 
Irreversible I binding activity of IgG was lost by preheating the protein at 60°C for 10 min, indicating the 
dependence of the nucleophilic reactivity on the native protein conformation. 

1 5 Each of 5 polyclonal IgG preparation from healthy humans displayed irreversible binding to I (Table 3). Each of 
1 6 randomly picked scFv clones from a human library formed I-adducts (see example in Fig 1 OA), indicating the 
V domain location of the binding site and suggesting that the nucleophilic reactivity is a shared property of diverse 
Abs. Ninety one % of the total protein available in Fv MM-F4 shown in Fig 10A (GenBank #AF522073) 
displayed nucleophilic reactivity [computed as mol biotin/mol Fy protein in the 27 kD I adduct band; Fv valency 

2 0 1; reaction conditions as in Fig 10]. Analyzed by electrophoresis under nonreducing conditions, some scFv 
reaction mixtures contained CRA I adducts at 55-90 kD in addition to the monomer scFv adducts at 27 kDa. All 
of the CRA-adduct bands were also stainable with Ab to c-myc, confirming the presence of scFv in the adducts 
(the recombinant proteins contain a 1 0 residue c-myc peptide, ref 1 0). The tendency of scFv to form aggregates 
has been reported previously (23). Diminished levels of I-adducts were detected when an scFv clone was treated 

2 5 with DFP prior to I-treatment (by 72%). The rate of covalent adduct formation by different Fv clones was variable 

over a 34-fold range (Table 3), indicating distinct levels of nucleophilic reactivity of different Abs. The reactivity 
of the 5 polyclonal IgG samples, which represent mixtures of different Abs, was less variable (by 5.4). 
Comparison of the peptide-MCA cleaving activity (Glu-Ala-Arg-MCA substrate) and irreversible I binding by the 
scFv clones indicated a strong correlation (P<0.005, 1^=0.77; Fig 1 0 B), confirming the functional importance of 

3 0 superior nucleophilic reactivity. 

Specific covalent binding of peptidyl and protein CRA, Protein CRA IV and peptide CRA Va were analyzed 
to assess whether antigen-specific Abs can express nucleophilic reactivity coordinated with noncovalent 
recognition of the antigen. CRA IV is the extracellular domain of a tumor-associated protein, exEGFR, presenting 



40 



WO 2004/087735 



PCT/US2004/009398 



diverse antigenic epitopes derivitized at Lys side chains with the phosphonate diester (19 mol/mol) along with a 
small amount of biotin to allow detection of adducts. SDS-electrophoresis of CRA IV revealed a major silver- 
stained and biotin-containing band with nominal mass 90 kDa (mass of exEGFR 85 kDa; mass of hapten 
phosphonate group, 714 Da). CRA V corresponds to residues 421-43 1 of the HIV coat protein gpl20, along with 
5 the amidino surrogate of Lys432 and the covalently reactive phosphonate diester group located at the C terminus. 
The purity and chemical characterization of this peptidyl CRA has been reported previously (1 8). Abs raised by 
routine immunization with exEGFR and the synthetic peptide corresponding to residues 421-436 of gpl20 were 
initially employed to assure the antigenic integrity of these CRAs. ELISA studies indicated that binding of IV and 
Va (conjugated to BSA) by polyclonal Abs to exEGFR and synthetic gp 120(42 1-43 6), respectively, was only 

10 marginally lower than of the control antigens devoid of phosphonate diester groups, i.e., exEGFRand gp!20(421- 
436), respectively (Fig 1 1). Evidently, the epitope structure of the the two antigens is preserved despite the 
introduction of the phosphonate diester in Lys sidechains (IV) and at the C terminus (Va). No binding of anti- 
exEGFR or anti-gp 120(42 1-43 6) Abs to immobilized calmodulin and albumin was detected (A490 < 0.05 at 
antisera dilution 1 : 1000), confirming the absence of nonspecific protein binding effects. Immobilized CRA IV 

15 and CRA Va (conjugated to BSA) did not display unusual binding to nonimmune Abs used as controls for 
ELISA, indicating that the phosphonate diester group does not result in indiscriminate covalent binding effects. 

Covalent binding by the Abs was studied using denaturing electrophoresis as described for the hapten CRAs. 
Saturable formation of biotin-containing IV adducts with Abs to exEGFR was evident (nominal mass 250 kD). IV 
adducts of nonimmune IgG were not detectable (Fig 12). As the IV concentration is small (0.2 in Fig 12) 

20 formation ofadducts similar to those observed using hapten CRA I is not predicted (Fig 8; 100 mMI). LMeor 
no adducts were formed in the presence of exEGFR (1 pM) but adduct formation was not impeded by an 
equivalent concentration of calmodulin, indicating that the covalent binding reaction is at or near the antigen 
binding site of the Abs. The 250 kD IV adducts were stainable with anti-IgG (data not shown). Each of 3 
commercially available monoclonal Abs to exEGFR formed covalent adducts with IVa (according to the 

2 5 suppliers, Ab C225 binds residues 35 1-364 in the extracellular domain of EGFR; the linear peptide determinant 
recognized by Abs HI 1 and CI 1 1 .6 is not known, but both Abs bind the extracellular domain of the protein), an 
irrelevant monoclonal Ab did not, and formation of the adducts by the monoclonal Abs was inhibited by exEGFR 
devoid of phosphonate diester groups but not by tksgsssla ted protein calmodulin. Essentially similar results were 
obtained using CRA Va (Fig 13). Formation of biotin-containing 1 52 kD adducts was saturable as a function of 

30 time (mass of Va, 2.2 kD), adduct formation was inhibited by the gpl20(421-436>BSA conjugate (3 |iM)butnot 
an equivalent concentration of BSA, and the reaction with nonimmune Abs proceeded slowly compared to the 
specific Abs. 



The pseudo-first order rate constant ko bs for accumulation of IV adducts of polyclonal IgG to exEGFR was 1.0± 
0.1 h" 1 . As no reaction was detected with nonimmune IgG, a precise estimate of ko bs is not possible. Using the 
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detection sensitivity of the imaging system as the upper limit for accumulation of adducts over the period of 
observation in Fig 12 (133 AAU), the upper limit for ko bs is 7.2x10° h" 1 . Similarly, ko bs for accumulation of anti- 
peptide IgG adducts of Va was 496-fold greater than of nonimmune IgG adducts (17.8 ±3.3 h' 1 and 0.4x1 0* 1 ± 
O.lxlO' 1 h" 1 , respectively; Fig 13 data). 

5 Discussion 

Activated nucleophilic residues in conventional serine proteases react covalently with phosphonate diester probes, 
e.g., the Ser residue activated by hydrogen bonding in the catalytic Ser-His-Asp triad of serine proteases. The 
presence of such nucleophiles in proteolytic and esterolytic Abs has been deduced from mutagenesis and covalent 
phosphonate binding studies (10-12). Nucleophilic attack on the substrate is the rate limiting step in catalysis by 
certain enzymes (24). As the reported catalytic rate constants (kcat) of Abs are generally orders of magnitude 
lower than of enzymes, it has generally been assumed that the deficiency resides in the nucleophilic reactivity of 
Abs. Studies reported here indicate otherwise. Despite their low proteolytic activity, IgG preparations displayed 
stronger nucleophilic reactivity than trypsin determined from rates of formation of covalent adducts with hapten 
phosphonate diesters. Study of polyclonal IgG and individual scFv clones indicated an apparently universal 
nucleophilic reactivity. In control experiments, the reactivity was lost upon thermal denaturation, consistent with 
expectations that activation of the nucleophile is dependent on the native structure of the protein. Covalent Ab 
binding to the phosphonate diester was inhibited by the established serine protease-reactive reagent DFP. 
Moreover, Ab proteolytic activity was inhibited by the phosphonate as well as DFP, confirming the serine 
protease-like character of nucleophiles reactive with the phosphonate. These studies suggest nucleophilic 
reactivity as an intrinsic property of Abs expressed independent of noncovalent antigen binding forces developed 
over the course of the immune response. This conclusion is consistent with our previous report that the catalytic 
triad of a proteolytic Ab light chain is encoded by a germline V gene (25). 

Both Ab subunits of IgG displayed covalent binding of hapten phosphonate diester I, consistent with studies in 
which catalytic Ser nucleophiles have been identified in the light (8,10) and heavy chains (12,26). Study of 
25 recombinant scFv clones confirmed the presence of nucleophilic sites in the V domains. The nucleophiles are 
located within or in the immediate vicinity of the antigen binding site, as suggested by observations of improved 
covalent binding of antigen-specific Abs to protein CRA IV and peptidyl CRA Va. We did not examine the 
presence of nucleophilic sites in the constant domains, as the present study was conducted in the context of 
catalytic activity attributed to the V domains. As the genes encoding the V and constant domains express certain 
3 0 sequence identities (27), the existence of constant domain nucleophiles can not be excluded. Notwithstanding 
their impressive nucleophilic reactivity, the rate of catalysis by Abs is limited. Presumably, this is because of 
energetic barriers associated with the deacylation and product release steps (Fig 7). This statement does not 
conflict with observations of correlated proteolysis and nucleophilicity of the scFv clones, as increased 
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accumulation of the acylated reaction intermediate will accelerate proteolysis according to the laws of mass action 
regardless of limitations at subsequent steps in the reaction cycle. In addition to proteases, diverse enzymes 
involved in chemical transformation of lipids, carbohydrates and nucleic acids owe their catalytic power to 
covalent mechanisms (28-30). Some of these enzymes are reported to react with phosphonate probes (e.g., 3 1). 
5 An aldolase Ab has been raised by immunization with a phosphonate diester hapten (32), but its relationship with 
innate Ab nucleophilicity is unclear. In addition to protease and esterase activities, Abs express nuclease (4), 
peroxidase (33) and kinase (34) activities. Conceivably, nucleophilic Ab reactivity described here may play a role 
in these reactions. 

Specific polyclonal and monoclonal Abs to EGFR and synthetic gpl20(421-436) peptide displayed covalent 
10 binding to the CRA-analogs of these antigens (IV and Va, respectively) at levels substantially greater than 
nonimmune IgG, indicating that the nucleophiles express their reactivity in coordination with noncovalent antigen 
binding interactions. Noncovalent Ab-antigen binding may be interpreted, therefore, as a mechanism that permits 
more efficient delivery of the electrophiles (phosphonate groups) to the Ab nucleophiles. The cognate antigens 
devoid of phosphonate diester groups inhibited the covalent reaction, suggesting spatial proximity between the 
15 nucleophile and residues at which non-covalent binding takes place. The following conditions must be met to 
explain the experimentally observed antigen-specific formation of the CRA adducts: (a) the germline-encoded 
nucleophiles must be retained in the Ab combining sites or novel nucleophiles must generated over the course of 
adaptive Ab specialization; (b) a mechanism must be available to allow improved approach of the Ab nucleophile 
within covalent binding distance of the phosphonate probe. Precise spatial alignment of Ab nucleophiles in 

2 0 register with the phosphonate groups in IV and Va is unlikely because the Abs were raised by immunization with 

polypeptides that do not contain these groups. Conversely, the phosphonate electrophiles were placed at the side 
chain Lys residues of protein IV and the C terminus of peptide Va without foreknowledge of the spatial 
relationship between the noncovalent and nucleophilic binding sites in the Abs. These considerations suggest that 
the nucleophiles enjoy sufficient conformational freedom to make contact with imprecisely located phosphonate 
25 electrophiles in the antigenic epitope. The mobility of individual amino acids in Ab combining sites following 
binding to antigen has been reported by other groups (35,36). Previous epitope mapping and mutagenesis studies 
indicated that the catalytic residues of proteolytic Abs participate minimally in stabilizing the Ab-antigen ground 
state complex (1 1 ,37), suggesting that the mobility of the nucleophile is not restricted by noncovalent binding 
interactions. Further support for this model is available from observations that MAbs to VIP (3 8) and gp4 1 (8) can 

3 0 cleave multiple peptide bonds in these antigens, presumably by formation of alternate transition states in which 

the nucleophile is free to initiate attack on spatially neighboring peptide bonds. 

Adaptive improvement in the rate of catalysis by Abs is limited by the mechanisms responsible for clonal 
selection of B cells. If product release exceeds the rate of transmembrane signaling by the BCR necessary to 
stimulate cell division, cellular proliferation will cease. On the other hand, there is no bar to adaptive 
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improvement of Ab nucleophilicity, as suggested by the results of the present study. The improved nucleophilic 
reactivities of antigen-specific Abs described here results from routine immunization with polypeptides. It is 
difficult to ascribe the reactivity to a fortuitous immunological phenomenon, as it was observed in polyclonal Abs 
directed to two different antigens and three distinct monoclonal Abs. Nucleophilic attack on the natural 
counterparts of the phosphonate groups in IV and Va, e.g., the electrophilic carbonyl groups in the peptide 
backbone and side chain amides, is predicted to result in formation of covalent acyl-Ab complexes (Fig 7), 
allowing prolonged occupancy of the BCR and favoring emergence of Abs with improved reactivity. Admittedly, 
the phosphonate diester group in CRAs is more electrophilic than the carbonyl group in proteins antigens, but Ab 
nucleophilicity is comparable or superior to that of trypsin, suggesting the feasibility of nucleophilic Ab attack on 
protein antigens. Two examples of Abs with the ability to form irreversible covalent complexes with hapten 
antigens have been reported (39,40) and certain Abs display SDS-resistant binding to albumin (Paul and 
coworkers, to be published elsewhere). Ab nucleophilic reactivity could conceivably contribute to Ab-antigen 
binding without formation of stable covalent bonds. For instance, the nucleophilic reaction may lead to a structure 
with partial covalent character that does not progress to the acyl-Ab complex because no mechanism is available 
to donate a proton to the nitrogen atom of the leaving group (C terminal peptide fragment in Fig 7; ammonia if 
attack occurs on side chain amide groups). 

Important biological effects have been ascribed to the proteolytic activity of Abs found in autoimmune, 
aUoimmune and lymphoproliferative disease (41), e.g., interference with the immunoregulatory (42) and smooth 
muscle relaxant effects (43) of the neuropeptide VTP. In view of enhanced covalent Ab binding of phosphonate 
diester groups facilitated by noncovalent binding interactions, peptidyl and proteinic CRAs may be hypothesized 
to permit permanent and selective blockade of the catalytic activity. Moreover, to the extent that expression of 
nucleophilicity coordinated with noncovalent antigen binding is a general Ab characteristic, CRA inhibition may 
be generally useful means to inhibit Ab biological effects regardless of catalytic activity. CRAs IV and Va, for 
instance, may be used to study the functional roles of Abs from patients with systemic sclerosis and lupus, which 
are reported to bind EGFR (44) and synthetic gp 120(42 1-43 6) (45), respectively. 
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Example II 

Specific HTV gpl20 cleaving antibodies induced by covalentiy reactive analog of gp!20 

5 Promiscuous cleavage of small peptide substrates is a heritable function of Abs 1 encoded by gennline gene V 
domains (reviewed in 1). Peptide bond cleaving Abs with specificity for individual polypeptides have been 
identified in patients with autoimmune (1) and alloimmune disease (2). Specific monoclonal Abs and Ab L chain 
subunits displaying proteolytic activities can be raised by routine immunization with polypeptides (3,4). Under 
ordinary circumstances however, adaptive maturation of the catalytic activity may not be a favored event. B cell 
1 0 clonal selection occurs by sequence diversification of genes encoding the Ab V domains, followed by selective 
binding of the antigen to cell surface Abs with the greatest affinity, which drives proliferation of the B cells (5). 
Catalysis entails chemical transformation of the antigen and release of products from the Ab, which may cause 
cessation of B cell proliferation when the catalytic rate exceeds the rate of transmembrane signaling necessary to 
stimulate cell proliferation. 

1 5 Originally developed as irreversible inhibitors of conventional serine proteases, haptenic phosphonate esters are 
reported to bind the nucleophilic sites of natural proteolytic Abs covalentiy (6,7). The haptenic phosphonates 
could potentially serve as covalentiy reactive analogs (CRAs) for inducing the synthesis of Abs with improved 
nucleophilicity. To the extent that Ab nucleophilicity is rate limiting in proteolysis, its enhancement may permit 
more rapid peptide bond cleavage, i.e., if the subsequent steps in the catalytic reaction cycle (hydrolysis of the 

2 0 acyl-Ab complex and product release do not pose significant energetic hurdles; Fig 14). The innate character of 
Ab nucleophilic reactivity is the central element of this approach, and there is no requirement for de novo 
formation of chemically reactive sites over the course of V domain sequence diversification. Most previous 
attempts to program the structure of catalytic sites in Abs, in comparison, have relied on noncovalent stabilization 
of the oxyanionic transition state (i.e., by immunization with transition state analogs; 8,9). An Ab with esterase 

2 5 activity (1 0) and another with aldolase activity (11) utilize covalent catalytic mechanisms, but the relationship of 

these activities to innate Ab nucleophilicity is unclear. 

An ideal antigen-specific proteolytic Ab may be conceived to combine traditional noncovalent binding 
interactions in the ground state of the Ab-antigen complex with nucleophilic attack on the peptide backbone. The 
ground state interactions are desirable to obtain specificity for individual polypeptide antigens. No impediments 

3 0 for catalysis are presented by the stable ground state complexes, provided the noncovalent interactions are carried 

over into the transition state complex and are properly coordinated with nucleophilic attack at the reaction center. 
In theory, synthesis of antigen-specific proteolytic Abs could be induced by an analog that presents a mimetic of 
the chemical reaction center in the context of classical antigenic epitopes available for noncovalent binding 
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interactions. If the reaction proceeds by a lock-and-key stereochemical mechanism, the mimetic must be located 
precisely at the position of the intended scissile bond in the backbone of the polypeptide antigen. In the instance of 
large proteins, locating the mimetic within the protein backbone is outside the range of present-day synthetic 
technologies. A potential solution is to place the mimetic group at amino acid side chains using chemical linker 
5 techniques. An Ab nucleophile that recognizes the side chain mimetic could facilitate proteolysis if it enjoys 
sufficient conformational freedom to approach the polypeptide backbone of the substrate and form the acyl-Ab 
complex (Fig 14). 

We describe here the characteristics of Abs induced by a covalently reactive analog (CRA) of the HIV-1 coat 
protein gpl20 (gpl20-CRA), consisting of phosphonate diester groups located in Lys side chains of the protein. 
10 Enhanced serine protease-like nucleophilic reactivity of the Abs was observed. One monoclonal Ab cleaved 
gp 1 20 slowly and specifically, it displayed preference for cleavage on the C terminal side of Lys/Arg residues, and 
the catalytic reaction was susceptible to CRA inhibition. These findings are the first indications that Abs with 
proteolytic activity specific for individual proteins can be raised on demand. 

MATERIALS AND METHODS 

Hapten, gpl20-CRAs and biotinylated proteins. Synthesis of hapten CRAs I and II (Fig 14) and their 
characterization by ESI-mass spectroscopy and elemental analyses have been described previously (12). For 
preparation of gpl20-CRA HI, the precursor diphenyl 7/-[0-(3- 

sulfosuccininridyl)suberoyl]amino(4ami (TV) was synthesized by mixing a 

solution of diphenyl amino(4-amidinophenyl)methanephosphonate (79 mg, 0. 1 3 mmol) in DMF (2 ml) containing 
N,N-diisopropylethylamine (0.11 ml, 0.63 mmol) and bis(sulfosuccinimidyl)suberate disodium salt (150 mg, 0.26 
mmol; Pierce) for 2 h. IV was obtained by reversed-phase HPLC (12) and lyophilized to give a colorless powder 
(yield 54%, 50 mg; m/z 715 (MH+) by electrospray ionization mass spectroscopy). IV (1 . 1 mg) was reacted with 
electrophoretically pure gpl20 (0.5 mg; Immunodiagnostic Inc, MN strain, purified frombaculovirus expression 
system) in 5 ml 10 mM HEPES, 25 mM NaCl, 0.1 mM CHAPS, pH 7.5 buffer (2 h, 25°C). Excess IV was 
removed by gel filtration (Micro Bio-Spin 6 disposable column, BioRad), and the concentration of free amines in 
the initial protein and CRA-derivitized protein was measured using fluorescamine (1 3). The density of labeling 
was varied as needed from 4.0 to 32.6 mol CRA/mol gpl20 by varying the concentration of TV. Preparation of 
gp 1 20 labeled at Lys residues with biotin (Bt-gp 1 20) was by similar means using 6-biotinamidohexanoic acid N- 
hydroxysuccinimide ester (Sigma). The reaction time and reactant concentrations were controlled to yield 
biotin/gpl20 molar ratios 0.8-1 .9. Unreacted biotinylation reagent was removed using a disposable gel filtration 
column in 50 mM Tris-HCl, 100 mM glycine, 0.1 mM CHAPS, pH 7.8. The biotin content was determined using 
2-(4'-hydroxyazobenzene)benzoic acid (14). Total protein measurements were done using the BCA method 
(Pierce kit). Biotinylated m was prepared from Bt-gp 120 as described for m. With increasing incorporation of 
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tie hapten groups, biotinylated HI tended to form dimers and trimers evident in SDS-electrophoresis gels as bands 
at ~ 240 kD and 380 kD (nominal mass of monomer gpl20, 120 kD). Biotinylated HI athapten density similar to 
the non-biotinylated m employed as immunogen (23 mol/mol gpl20) contained the monomer, dimer and trimer 
species atproportions of 50 %, 21 % and 29 %, respectively. Protein-CRAs were lyophilized and stored at-20°C 
until used. Bt-gpl20 was stored at-70°C in 50mM Tris-HCl, pH 8.0, 0.1M glycine, O.lmM CHAPS. Storage of 
I and n was at -70°C as 10 mM solutions in ^JV-dimethylformamide. The extracellular domain of EGFR 
(exEGFR) obtained from Dr. Maureen O'Connor (15) was biotinylated as described for gpl20 (0.9 mol 
biotin/mol exEGFR). 

Antibodies. MAbs were prepared from female MRL/MpJ-Fas ,pr mice (Jackson Laboratory, Bar Harbor, Maine; 4- 
5 wk) immunized with gpl20-CRA HI (23 mol phosphonate diester/mol gpl20). The mice were injected 
intraperitoneally on days 0, 14 and 28 days with gpl20-CRA HI (1 1 ug) in Ribi adjuvant (MPL+TDM emulsion; 
Sigma) followed by a fourth intravenous booster without adjuvant on day 55. Blood was obtained from the 
retroorbital plexus over the course of the immunization schedule. Three days following the final injection, 
hybridomas were prepared by fusion of splenocytes with myeloma cell line (NS-1; 3). Following identification of 
wells secreting the desired Abs by ELISA, monoclonal cell lines were prepared by two rounds of cloning by 
limiting dilution. Monoclonal IgG was prepared from tissue culture supernatants containing MAbs (200 ml) by 
affinity chromatography on immobilized Protein G (3). Control MAbs (anti-VIP clone c23.5 and anti-yellow fever 
virus antigen clone CRL 1689; ATCC) and serum IgG were purified similarly. The IgG preparations were 
electrophoretically homogeneous, determined by silver staining of overloaded IgG and immunoblotting with 
specific Abs to mouse IgG (3). Additional immunizations of female BALB/c mice (Jackson; 4-5 wk) with gpl20 
or gpl20-CRA were carried out similarly. MAb heavy and light chain isotypes were determined by ELISA as 
described (3). 
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ELISA. Maxisotp 96-well microtitre plates (Nunc) were coated with gpl20 or gpl20-CRA (40-100ng/well) in 
100 mM bicarbonate buffer, pH 8.6. Routine ELISAs were carried out as described (16). For assay of irreversible 
binding, the Abs were allowed to bind the plates and the wells were treated for 30 min with 2% SDS in 10 mM 
sodium phosphate, 1 37 mM NaCl, 2.7 mM KC1, 0.05% Tween-20, pH 7.4 (PBS-Tween) or PBS-Tween without 
5 SDS (control wells for measurement of total binding). The wells were then washed 3 times with PBS-Tween and 
bound IgG was determined as usual using a peroxidase conjugate of goat anti-mouse IgG (Fc specific; Sigma, 
Saint-Louis, MO). Observed values of binding were corrected for nonspecific binding in wells containing 
nonimmune IgG or nonimmune mouse serum (A490O.03). Percent residual binding in SDS-treated wells was 

Computed as: (A49CSDS treated wells) X 100 / (A490, PBS-Tween treated weUs)- 

10 Electrophoresis of Ab-CRA complexes. Irreversible binding of biotinylated CRAs by purified IgG was 
detennined by denaturing electrophoresis (6). Briefly, the reaction mixtures were incubated at 37°C in in 50mM 
Tris-HCl, 0.1M glycine pH 8.0. SDS was added to 2%, the mixtures boiled (5 min) and then subjected to SDS- 
PAGE (4-20%, Biorad, Hercules, CA; or 8-25% Phast gels, Amersham). Following electroblotting onto 
nitrocellulose membranes (0.22 pm, Biorad), the membranes were blocked with 5% skim milk in PBS-Tween and 

1 5 processed for detection of IgG or biotin using peroxidase conjugated goat anti-mouse IgG (Sigma) or peroxidase 
conjugated streptavidin, respectively. Imaging and quantification were using X ray film (Kodak) with Unscan-it 
software (Silk scientific, Orem, Utah) or a Fluoro-STM Multilmager (Biorad). Biotinylated BSA (11 mol 
biotin/mol BSA; Sigma) was employed to construct a standard curve (0.06-1.5 pmol biotin/lane). 

Hydrolysis assays. Biotinylated proteins were incubated with IgG in 50mM Tris-HCl, 0.1M glycine, 0.1 mM 

2 0 CHAPS, pH 8 at 37°C, the reaction was terminated by addition of SDS to 2%, the samples were boiled (5 min) 

and then analyzed by reducing SDS-gel electrophoresis (4-20%, BioRad). Biotin containing protein bands in 
blots of the gel were identified and quantified as in the preceding section. In some blots, reaction products were 
identified by immunoblotting using peroxidase conjugated goat anti-gp 120 Abs (Fitzgerald, Concord, MA; cat # 
60-H14) (16). N terminal sequencing of protein bands from electrophoresis gels was done as described previously 
25 (1 7). Hydrolysis of peptide-MCA substrates (Peptide Intn, Louisville, KY or Bachem Biosci., King of Prussia, 
PA) was determined in 96-well plates by fluorimetric detection of aminomethylcoumarin (Varian Cary Eclipse; 
X ex 360 nm, A*m 470 nm) with authentic aminomethylcoumarin as standard (6). Cleavage of (Tyr l0 - I25 I)VIP by 
MAb c23.5 was measured as the radioactivity rendered soluble in trichloroacetic acid (17). Kinetic parameters for 
cleavage of increasing concentrations of peptide-MCA substrates were determined from the Michaelis-Menten 

3 0 equation: v=(V max [S])/(K m +[S]). Because of the expense of studying gpl20 cleavage at large concentrations of the 

protein, K d (-K^) and kcat for this reaction were obtained from the general quadratic equation (17): [CS] 2 - [CS] ( 
[CJ + [SJ + Kd) + [CJ [SJ = 0, where [Q] and [S t ] are the total concentrations of catalyst and substrate, and [CS] 
is the catalyst-substrate concentration. The method consists of calculation of [CS] at a series of assumed Kd 
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values. The assumed Kd value yielding the best fit (by linear regression) between the observed reaction velocity 
and [CS] represents the experimentally determined Kd. kcat is computed as the slope of the observed velocity 
versus [CS] plot 

RESULTS 

5 gpl20-CRA design and validation. Synthesis of hapten CRAs I and II (Fig 14) and their covalent reactivity with 
naturally occurring proteolytic Abs has been described previously (6,7). The electrophilic phosphonate rnimics 
the peptide bond carbonyl group susceptible to nucleophilic attack, the positively charged amidino group adjacent 
to the phosphonate diester serves as a mimic of Lys/Arg PI residues at which cleavage by geirnline encoded 
proteolytic Abs is observed (6), and the biotin group in I permits sensitive detection of Ab-phosphonate adducts. 
10 gp 1 20-CRA III contains phosphonate diester group s in spatial proximity with antigenic epitopes presented by the 
protein. Multiple phosphonate diester groups were available per molecule of gpl20, allowing presentation of the 
electrophilic hapten in conjunction with diverse antigenic epitopes. 

Robust polyclonal Ab responses in MRL/lpr and BALB/c mice immunized with IH were observed by routine 
ELISA. Abs raised to HI were bound at somewhat greater levels by immobilized HI than control gp 120 devoid 
of phosphonate diester groups (Fig 1 5). Conversely, Abs raised to control gp 1 20 recognized immobilized HI, but 
the binding was 3-4 fold lower than by immobilized gp 1 20 (e.g. , at serum dilution of 1 : 1000, A490 0.44±0.03 for 
immobilized m and 1.40±0.03 for immobilized gpl20). Ill-binding by nonimmune Abs was negligible, 
indicating that mdiscrirninate covalent binding at the hapten groups was not a problem. The observed differences 
in the antigenic reactivity of gp 120 and III were held to be sufficiently small to proceed with further Ab studies. 
To facilitate high-throughput screening, the feasibility of measuring irreversible Hi-binding by Abs was studied 
by ELISA. Following binding of polyclonal Abs anti-Hi Abs to the immobilized antigens, ELISA plates were 
treated with the denaturant SDS to remove reversibly bound Abs. SDS treatment allowed essentially complete 
removal of anti-Hi Abs bound by control gpl20 devoid of hapten phosphonate groups. In comparison, 13-40% of 
the overall anti-HI Ab binding activity consistently remained bound to immobilized HI following SDS treatment 
in 3 repeat experiments. SDS-electrophoresis and irnmunoblotting with Abs to mouse IgG confirmed formation of 
irreversible Ab-HI complexes in boiled reaction rnixtures (Fig 15 inset, lane 3, estimated mass from extrapolated 
standard curve of molecular mass standards, -400 kD; large complexes can be formed by binding of multiple Abs 
to hapten groups in HI). 

Catalytic activity. MAbs were prepared from MRL/lpr mice immunized with gp 1 20-CRA HI. This mouse strain 
3 0 develops lupus-like autoimmune disease attributable to the dysfunctional Fas-receptor gene. Spontaneous 
development of proteolytic Abs (18) and increased synthesis of esterase Abs in response- to immunization with 
phosphonate monoester haptens (19,20) have been reported in this mouse strain. Supernatants from 712 

51 



15 



20 



25 



WO 2004/087735 



PCT/US2004/009398 



hybridoma wells (two splenocyte-myeloma cell fusions) were screened for SDS-resistant binding to DDL IgG from 
seven wells was positive for this activity. Following cloning of the cells by limiting dilution, monoclonal IgG from 
the supernatants of the seven cell lines was purified and the binding assays were repeated (Fig 1 6; clones YZ 1 8, 
IgG2a,K; YZ19, IgG2b,K; YZ20, IgG2a, K ; YZ21 , TgG2a,K; YZ22, IgG2a,K; YZ23, IgG2a,K and YZ24, IgGl,K). 
5 Of total binding observed without SDS treatment of the ELISA plates, residual binding following the detergent 
treatment was 43-83% in 4 repeat assays. All seven MAbs were also bound by gpl20 devoid of hapten CRA 
groups determined by routine ELISA without SDS treatment, indicating that they are not directed to neoepitopes 
generated by chemical modification procedures used for m preparation. An irrelevant MAb (clone CRL 1689) 
displayed no detectable binding of HI or gpl20. 

10 Of seven MAbs with irreversible Ill-binding activity, slow cleavage of Bt-gp 120 by three MAbs was detected 
(YZ18, YZ20, YZ24), determined by appearance of biotin-containing fragments of the protein in SDS- 
electrophoresis gels. The electrophoretic pattern of Bt-gpl20 cleaved by MAbs YZ18 and YZ24 were similar to 
that shown for MAb YZ20 in Fig 1 7. MAb YZ20 was studied further as it cleaved Bt-gp 1 20 ~5 fold more rapidly 
than the other two MAbs. The consumption of gpl20 was time dependent (Fig 17A). Major biotin-containing 

1 5 cleavage products with apparent mass 55 kD and 50 kD were observed, along with less intensely stained bands at 
27 kD and 1 5 kD. A band at 3 5 kD was visible in overexposed gels, but this does not represent a product of MAb 
cleavage, as it was present at similar density in control incubations of Bt-gp 120 in diluent. A control irrelevant 
MAb (clone CRL 1689) did not cleave Bt-gp 120. Immunoblotting using polyclonal anti-gpl20 Abs confirmed 
that non-biotinylated gpl20 is also susceptible to cleavage by the MAb (55 kD cleavage product, Fig 1 7B). Both 

2 0 detection methods allow quantification of gpl20 cleavage by measuring depletion of intact gpl20. Neither method 
provides guidance about the complete product profile or product concentration, as Bt-gp 120 contains minimal 
amounts of biotin (~1 mol/molgp 1 20), and the polyclonal Abs used for immunoblotting do not react equivalently 
with the cleavage products. 

MAb YZ20 did not cleave biotinylated BSA or the extracellular domain of the epidermal growth fector 
2 5 (exEGFR), indicating selectivity for gp 1 20 (Fig 1 8 A). Attempts to identify the bonds cleaved by MAb YZ20 were 
unsuccessful. N-tenninal sequencing of the 55 kD and 50 kD bands yielded identical sequences 
(TEKLWVTVYY), corresponding to the N tenninal residues of gp!20. Sequencing of the 1 5 kD band from the 
YZ20 reaction mixture did not yield detectable phenylthiohydantoin derivatives of amino acids, possibly due to a 
blocked N terminus. Identification of the 27 kD gpl20 fragment is complicated because of its comigration with 
30 the Ab light chain in reducing gels. As identification of the precise bonds in gpl20 cleaved by the MAb was not 
central to the present study, we turned to the use of model peptide substrates for determination of scissile bond 
preferences. A fluorimetric assay was employed to determine MAb-catalyzed cleavage of the amide bond linking 
arninomethylcoumarin to the C terminal amino acid in a panel of peptide-MCA substrates (Fig 1 8B). The peptide- 
MCA substrates are used at excess concentration (200 |iM), permitting detection of even weakly cross-reactive 
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catalytic Abs. Selective cleavage at Arg-MCA and Lys-MCA was observed, with no evident cleavage on the C 
terminal side of neutral or acidic residues. To confirm that the rate differences are due to recognition of the basic 
residue at the cleavage site (as opposed to remote residues), we studied two tripeptide substrates identical in 
sequence except for the N terminal residue at the scissile bond, Gly-Gly-Arg-MCA and Gly-Gly-Leu-MCA. The 
former substrate was cleaved at detectable levels by Ab YZ20 [0.3 1±0.01 (s.d.) uM AMC/19h/uM IgG], whereas 
the fluorescence intensity in reaction mixtures of the latter substrate and the Ab was statistically indistinguishable 
from background values observed in assay diluent [0.02±0.04 uM AMC/19h/uM IgG; P>0.05; student's t-test, 
unpaired; Fig 18C], The basic residue preference is consistent with the presence of positively charged amidino 
groups neighboring the phosphonate groups in the immunogen (HI) and selective cleavage on the C terminal side 
of Arg/Lys residues by germline encoded proteolytic Abs observed previously (21,22). 

Attainment of the desired catalytic properties, i.e., the ability to combine high affinity for individual antigens with 
rapid turnover, can be judged from the Km and kcat parameters (moles antigen cleaved/mol Ab/unit time). The 
Km of MAb YZ20 for Bt-gpl20 was about 200-fold smaller than its preferred peptide-MCA substrate (E-A-R- 
MCA; Table 4; single letter code for amino acids), consistent with development of specificity for gpl20 by 
immunization with HI. Twelve mol E-A-R-MCA were cleaved per mole MAb YZ20 over the course of the 
reaction (22 h), indicating that the MAb is capable of turnover, a defining feature of a catalyst. Turnover of Bt- 
gp 1 20 was ~1 0-fold lower than of E-A-R-MCA. Previously, conventional non-Ab serine proteases were reported 
to cleave short peptide more rapidly than large proteins (23), presumably because the former substrates are more, 
readily accessible to the catalytic site. 

Nucleophilic reactivity. gpl20 hydrolysis by MAb YZ20 was inhibited by hapten CRA U (Fig 19), confirming 
the serine protease-like character of the MAb. H inhibition of MAb YZ20 cleavage of gpl20 was 90-fold more 
potent than inhibition of MAb c23 .5 cleavage of VIP (IC50, 0.4 uM and 36.0 uM, respectively). The latter MAb 
was obtained by immunization with VIP devoid of phosphonate diester groups (3). Superior reactivity of the 
hapten CRA with MAb YZ20 is consistent with the conclusion of strengthened Ab nucleophilicity in response to 
immunization with phosphonate groups present in the gpl20-CRA immunogen. 

To confirm induction of nucleophilicity, irreversible hapten CRA I binding by polyclonal IgG was measured. The 
hapten CRA does not contain antigenic epitopes belonging to gpl20 and noncovalent binding interactions are not 
anticipated to contribute to its irreversible binding by Abs. IgG samples from all four mice immunized with HI 
displayed superior I binding compared to IgG from mice immunized with control gpl20 (mean values, 0.31 and 
0.01 pmol I; P<0.02, Student's t test, unpaired observations) as well aspcK>lednoniinmuneIg<3 (Fig 19). BALB/c 
mice were studied in this immunization. It may be concluded that synthesis of nucleophilic Abs in response to 
immunization with III is not restricted to autoimmune hosts (MAbs to gpl20-CRA HI were prepared from 
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MRL/lpr mice). 
DISCUSSION 

The goal of this study was to strengthen the intrinsic serine protease-like reactivity of Abs and direct the reactivity 
to cleavage of gpl20. Improved irreversible binding of hapten CRAby Abs following immunization with gpl 20- 
5 CRA III was evident, and the hapten CRA was a potent inhibitor of gpl 20 cleavage by a MAb. These 
observations suggest adaptive improvement of Ab nucleophilicity induced by the phosphonate diester groups. 
Specificity of the Abs for gpl20 was obtained by traditional noncovalent mechanisms, Le., recognition of gpl20 
epitopes located in the proximity of the phosphonate diester groups. No cleavage of unrelated proteins by the 
gpl 20 cleaving MAb was observed and the Km value of cleavage of a model peptide was 200-fold greater than of 
10 gpl 20 cleavage, indicating absence of ^discriminate proteolysis. 

Proteolysis entails Ab attack on the backbone of gpl 20 whereas the phosphonate electrophiles are located in Lys 
side chains of the immunogen. As MAbs raised to gpl20-CRA displayed proteolytic activity, the nucleophile 
developed to recognize the side chain electrophiles must enjoy sufficient conformational freedom to attack the 
polypeptide backbone. Movements of individual amino acids in Ab combining sites following binding to antigen 

1 5 have been reported (24,25). Epitope mapping and mutagenesis studies of certain proteolytic Abs have indicated 
that the catalytic residues do not participate in stabilization of the Ab-antigen ground state complex (26,27), 
suggesting that the mobility of the nucleophile may not be restricted by initial noncovalent Ab-antigen 
interactions. Naturally occurring MAbs to VIP (17) and gp4 1 (4) cleave multiple peptide bonds in these antigens, 
which may be explained by hypothesizing formation of alternate transition states in which the nucleophile is free 

20 to initiate nucleophilic attack on spatially neighboring peptide bonds (reviewed in 28). Understanding the extent 
of conformational freedom of Ab nucleophiles is important, as there is no viable alternative to locating the peptide 
bond mimetic in the side chains when large proteins must be used to induce the synthesis of catalytic Abs. In 
addition to direct structural analysis of nucleophile movements in available catalytic Abs, the length and flexibility 
of the linker utilized to attach the phosphonate groups at Lys side chains can be varied in future studies to assess 

25 the flexibility of the catalytic site. In the case of synthetic peptide immunogens, the phosphonate groups can be 
incoiporated within the peptide backbone to better mimic the intended scissile bond (7). However, synthetic 
peptides often fail to assume conformations similar to their cognate determinants in full-length proteins, in which 
case anti-peptide Abs do not recognize the parent proteins. 

The fully competent catalytic machinery found in modern non-Ab serine proteases has presumably evolved in 
3 0 response to selection pressures that optimized each of the rate limiting steps in the catalytic cycle. In comparison, 
a CRA immunogen can at best select for Abs with the greatest covalent attack capability. No selection for 
hydrolysis of the acyl-Ab complex or the subsequent product release steps is anticipated, which may account for 
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observations of limited Ab turnover. Two previous attempts to raise esterase Abs indicated the formation of 
irreversible substrate binding by Abs (29,30), suggesting the need to optimize events occurring after nucleophilic 
attack by the Abs. Further, structural refinements of the immunogen could be implemented to help guide the Ab- 
antigen complex towards the catalytic pathway, e.g., inclusion of a component that bind a water molecule and 
5 facilitate hydrolysis of the acyl-protein complexes. Notwithstanding this weakness, the results reported here 
represent a significant advance towards developing antigen-specific proteolytic Abs. Previously, several Abs with 
haptenic ester hydrolyzing activity have been raised based on the premise that catalytic sites capable of 
noncovalent stabilization of the oxyanionic transition states can be formed de novo over the course of adaptive 
sequence diversification of Ab V domains (8,9). This approach has not been successful for development of 

1 0 proteolytic Abs. Pollack and Schultz described the failure of a phosphonate monoester analog of Phe-Leu-Ala to 
induce proteolytic Ab synthesis (31). No attempt was made in this study to recruit the intrinsic properties of 
natural Abs for the purpose of protease synthesis, i.e., their nucleophilicity and selective recognition of basic 
residues adjacent to the cleavage site. Recently, phosphonate monoesters were discovered to form covalent bonds 
with nucleophiles in serine proteases, but their reactivity is weaker than the diester used in the present study, and 

15 no detectable reaction occurs unless an adjacent positive charge is present (6,12). 

Evidence for increased potency due to the catalytic function has recently been published in regard to Ab 
antagonism of the biological effects of VIP, a 28-amino acid neuropeptide (32,33). Concerning gpl20, a major 
hurdle has been to induce the synthesis of Abs that recognize the determinants involved in viral entry, i.e., the 
binding sites for host CD4 and chemokine receptors. Most Abs raised to monomer gpl20 are directed to its 
20 variable region epitopes, and the Abs do not neutralize diverse HIV-1 strains found in different geographical 
locations (34). Reversibly binding Abs must bind at or near the receptor binding sites of gpl20 to sterically hinder 
HIV entry into host cells. Proteolytic Abs offer the potential advantage of gpl20 inactivation even if cleavage 
occurs at a site that does not itself participate in binding to host cells. Discussion of the immunotherapeutic 
potential of MAbs to gpl20-CRA IH is beyond the scope of the present study, but initial HIV-1 neutralization 

2 5 studies suggest that certain MAbs raised to gp 120-CRA m neutralizes HIV-1 primary isolate ZA009 (peripheral 

blood mononuclear cell cultures, infection measured by determining p24 antigen concentrations; Paul and 
coworkers, to be published elsewhere). A potential pitfall is that proteolytic Abs to monomer gp 1 20-CRA may not 
recognize trimeric gp 1 20 on the surface of HIV- 1 , as observed for reversibly binding Abs to the protein (35). The 
CRA immunogen techniques described in the present study are readily applicable to recently developed 

3 0 recombinant mimetics of trimeric gpl20 (36), as well as whole HIV-1 particles. 
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25 Example III 

Towards Selective Covalent Inactivation of Pathogenic Antibodies: A Phosphonate Diester Analog of 
Vasoactive Intestinal Peptide that Inactivates Catalytic Autoantibodies 



Specific antigen recognition by the variable domains underlies the pathogenic effects of certain Abs produced as 
30 a result of autoimmune, allergic and anti-transplant reactions. For instance, Abs found in myasthenia gravis 
(reviewed in ref. 1) and hemophilia (reviewed in ref. 2) bind important epitopes of the acetylcholine receptor and 
Factor VIE, respectively, which interfere with the biological activity of these proteins by a steric hindrance 
mechanism. Other Abs utilize their Fc region to mediate pathogenic effects but antigen recognition by Ab 
variable domains is the stimulus initiating these effects, e.g<> Ab recognition of erythrocyte antigens stimulates 
3 5 complement activation by the Fc region in autoimmune hemolytic anemia and incompatible blood transfusions. 

57 



WO 2004/087735 



PCTAJS2004/009398 



Similarly, allergen recognition by IgE bound to Fc receptors on the surface of mast cells stimulates their 
degranulation. In other diseases, the mechanism of Ab pathogenicity is less clear. For example, Abs to nucleic 
acids in lupus (reviewed in ref. 3) and to thyroglobulin in Hashimoto's thyroiditis (reviewed in ref. 4) are 
unambiguously disease-associated, but additional immune abnormalities are also evident in these diseases, and the 
5 precise functional effects of the Abs remain debatable. Recently, a novel variable domain mechanism underlying 
Ab pathogenicity has emerged, viz., the catalytic cleavage of antigens. Hydrolytic catalysts such as Abs to 
polypeptides (5-8) and nucleic acids (9) hold the potential of permanent antigen inactivation. Moreover, catalysts 
are endowed with turnover capability, i.e., a single Ab molecule can hydrolyze multiple antigen molecules, 
suggesting that such Abs may exert functional effects that are more potent than Abs dependant on stoichiometric 
1 0 antigen recognition. 

Abs that catalyze the cleavage of VIP have been identified in patients with autoimmune disease (10). VTP is a 28 
amino acid peptide with important biological actions, including irnmunoregulation via actions on T lymphocytes 
(reviewed in ref. 11) and control of blood and air flow via actions on the smooth muscle (reviewed in ref. 12). A 

1 5 model proteolytic Ab interferes with cytokine synthesis by cultured T cells accompanied by depletion of cellular 
VIP (13) and administration of the Ab to mice interferes with relaxation of airway smooth muscle (14).. 
Proteolytic Abs to VTP appear to utilize a covalent catalytic mechanism reminiscent of serine proteases. This is 
suggested by studies in which replacement of the active site Ser residue resulted in loss of catalytic activity (1 5), 
and by inhibition of catalysis by haptenic phosphonate diesters (10). These compounds form adducts with the 

20 activated nucleophiles of enzymes by virtue of the covalent reactivity of the electrophilic phosphorus atom 
(reviewed in ref. 16), and have been developed recently as probes for the active site nucleophiles in Abs 
displaying serine protease and serine esterase activity (17,18) [designated covalently reactive antigen analogs 
(CRAs)]. 

25 As in the case of ordinary Abs, traditional noncovalent antigen recognition is hypothesized to underlie the 
specificity of the proteolytic Abs for VIP. CRAs of the VIP sequence represent, therefore, a potentially specific 
means to target the Abs by virtue of offering a reaction surface that combines covalent binding to the Ab active 
site with noncovalent binding at neighboring peptide epitope(s). Here we describe the antigen-specific covalent 
reaction of monoclonal and polyclonal Abs with a synthetic VIP-CRA compound. Despite positioning of the 

3 0 phosphonate group at a single site, Lys20, the covalent reaction resulted in irreversible inhibition of polyclonal 
Abs that cleave VIP at several peptide bonds located between residues 7 and 22. The results suggest the 
feasibility of targeted inactivation of individual Ab populations based on their antigenic specificity. 

MATERIALS AND METHODS 

CRAs. Diphenyl i\T-(6-biotinamidohexanoyl)arriino(4-arrudm (1) was prepared from 
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diphenyl aiiiino(4-amidinophenyl)methanephosphonate (19,20) and 6-biotinamidohexanoic acid (Anaspec; San 
Jose, CA) by the aid of PyBOP (Novabiochem; San Diego, CA). The HPLC-purified material [retension time 
20.76 min, purity 95% (220 nm); YMC ODS-AM column (4.6 x 250 mm), 0.05% TFA in water (A):0.05% TFA 
in acetonitrile (B) 90:10 to 20:80 in 45 min (1.0 ml/min)] was characterized by ESI-MS [Observed m/z 721.3 
5 (MH*; calculated MH* for CaeHtsNeOePS, 721.3)] and stored as 10 mM solution in DMF at -70°C. The active 
ester 2 was prepared by acylating the same precursor amine with disuccinimidyl suberate (Pierce; Rockford, IL) 
and characterized in the same way [Observed />*/z, 635.3 (MET; calculated MH* for C32H35N4O8P, 635.2)]. VTP- 
CRA (3) was synthesized as follows. The VIP sequence with TV-terminal biotin was constructed on Rink amide 
MBH A resin (0.72 mmol/g; Novabiochem) by the standard 9-fluorenylmethoxycarbonyl protocol (21) except that 

1 0 4-methyltrityl (22) was used for side-chain protection of Lys20. The peptide-resin was treated with 1% TFA in 
dichloromethane (5 min x 10) to remove the 4-methyltrityl group and the deprotected amino group of Lys20 was 
acylated with 2 in l-methyl-2-pyrrolidinone containing 0:1 mM AT^diisopropylethylamine. The peptide resin 
was treated with TFA-ethanedithiol-thioanisole-phenol (90: 1:1:8) at room temperature for 2 h. After removing 
the resin by filtration, diethyl ether was added to the solution to afford a precipitate, which was collected by 

1 5 centrifugation and washed with diethyl ether. The HPLC-purified material [retention time 50.25 min, purity 96% 
(220 nm); Vydac 214TP C4 column (4.6 x 250 mm); A:B 90:10 to 60:40 in 60 min (1.0 ml/min)] was 
characterized by ESI-MS [Observed m/z, 4071.4 (MH*; calculated MH* for C185H282N49O49PS2, 4072.0) and 
stored as 10 mM solution in DMSO at -70°C. 

2 0 Abs. Monoclonal anti-VIP IgG clone c23.5 and control isotype-matched IgG clone UPC10 (IgG2a, k; Sigma; St. 
Louis, MO) were purified from ascites by affinity chromatography on immobilized Protein G-Sepharose (23). 
Polyclonal IgG from the serum of a human subject with chronic obstructive pulmonary disease (designated HS2 in 
ref. 24) was also purified by Protein G-Sepharose chromatography. The recombinant light chain of anti-VIP Ab 
clone c23.5 (GenBank # L34775) was expressed in bacterial periplasmic extracts and purified by binding of the 

25 his6tagtoaNi-affinitycolumn(15). All Abs were electrophoretically homogeneous. Protein concentrations 
were determined with Micro BCA Protein Assay kit (Pierce). 

CRA adducts. Covalent binding assays were carried out as described previously (1 7,20). Briefly, IgG (1 fiM) was 
incubated with compound 1 or 3 (10 jxM) in 10 mM sodium phosphate, 0.137 M NaCl, 2.7 mM KC1 (PBS, pH 

30 7.4) containing 1 mM CHAPS and 0.1% DMSO (in 3-binding experiments) or 0.1% DMF (in 1-binding 
experiments) at 37°C. In some experiments, the reaction was conducted in the presence of human plasma 
collected in EDT A (pooled from 8 healthy blood donors; 1 % v/v). Aliquots of the reaction mixtures at 1 0, 20, 40, 
60, 90 and 120 min were boiled in 2% SDS containing 3.3% 2-mercaptoethanol in a water bath (5 min) and then 
subjected to electrophoresis (4-20% polyacrylamide gels; Bio-Rad; Hercules, CA). Following electroblotting onto 

35 nitrocellulose membranes (TransBlot; Bio-Rad), biotin-containing adducts were stained with a streptavidin- 
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peroxidase conjugate and a chemiluminiscent substrate kit (Supersignal; Pierce). Band density was expressed in 
arbitrary area units (AAU) determined using a Fluoro-STM Multilmager (Bio-Rad), taking care that the densities 
were within the linear response range. 

Catalysis assays. Pro-Phe-Arg-AMC (0.2 mM; Peptides International, Louisville, KY) was incubated with Ab 
(0.8 \iM) in 96 well plates in 50mM TrisHCl-0. 1M glycine (pH 8.0) containing 0.6% DMSO and 0.025% Tween 
20 at 37 °C and release of AMC determined by fluorometry (A.em 470 nm, Jlex 360 nm; Cary Eclipse 
spectrometer; Varian; Palo Alto, CA). Preparation and assay of cleavage of |Tyr l0 - 125 I]-VIP were described 
previously (24). To determine if the CRAs inhibit Abs irreversibly, IgG (2 \iM) was incubated (37°C) with 1 or 3 
for 1 6 h in 50mM TrisHCl-0. 1 M Gly (pH 8.0) containing 2.5% DMSO and 0.025% Tween 20. Unreacted 1 or 3 
was then removed by chromatography of the reaction mixtures (0.2 ml) on protein G columns as in ref 35 (50 nl 
settled gel; washed with 0.8 ml 50 mM Tris-HCl, pH 7.4; eluted with 0.2 ml 0.1 M GlyHCl, pH 2.7; neutralized 
with 1 M TrisHCl, pH 9). Fifty [il aliquots of the recovered IgG (and IgG-CRA complexes) were incubated with 
[Tyr 10 - l25 I]-VTP (86,000 c.p.m.) for 18 h and peptide cleavage was determined by measuring the radioactivity 
soluble in trichloroacetic acid. Control IgG samples were incubated without CRA, chromatographed and analyzed 
for VIP cleaving activity in the same way. 

RESULTS 

VIP-CRA. Important features in design of the VIP-CRA (compound 3, Fig 20A) are: (a) Inclusion of the 
electrophilic phosphonate diester group capable of selective reaction with activated nucleophiles such as are found 
in serine proteases (1 6); (b) Location of the positively charged amidino group in proximity to the phosphonate to 
allow recognition by the model proteolytic IgG clone c23 .5, which cleaves peptide bonds preferentially on the C 
terminal side of basic amino acids (Arg/Lys) (23,25); and (c) Incorporation of these groups on the side chain of 
Lys20 in the sequence of VIP. Hapten CRA 1 contains the phosphonate diester and amidino groups but is devoid 
of the VIP sequence. Location of the covalently reactive moiety at Lys20 is based on observations that the Lys20~ 
Lys2 1 peptide bond is one of the bonds cleaved by monoclonal Ab clone c23.5 (23) and polyclonal human IgG 
preparations containing Abs to VIP (24). Peptide inhibitors of proteases customarily contain the covalently 
reactive group located within the peptide backbone or at the peptide tennini (e.g., 26,27). In the present study, 
our purpose was to maximize the opportunity for approach of the phosphonate group within covalent binding 
distance of the nucleophile contained in diverse Ab active sites. For this reason, the phosphonate group was 
placed at the side chain of Lys20 using a flexible linker, which allows rotation at several C-C bonds (as opposed 
to inclusion of the phosphonate within the peptide backbone, which may impose a greater level of conformational 
constraints on accessibility of this group). 

VIP-CRA 3 was synthesized by the regioselective on-resin acylation as outlined in Fig. 20B. The VIP sequence 
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was constructed by solid-phase peptide synthesis with standard 9-fluorenylmethoxycarbonyl chemistry except that 
the 4-methyltrityl group was used for side-chain protection of Lys at position 20 (4a). After selective removal of 
4-methyltrityl, peptide resin 4b was acylated with 2, which was prepared from diphenyl arnino(4- 
amidinophenyl)methanephosphonate and disuccinimidyl suberate. The resulting peptide resin 4c was treated with 
5 anhydrous TFA to give 3, which was purified with HPLC, yielding a single species with the anticipated mass 
(m/z, 4071.4; calculated value, 4072.0). 

Covalent Ab Labeling. Monoclonal Ab c23.5, raised by hyperimmunization with VIP. It is characterized by 
strong recognition of the ground state of VIP (Kd 1.9 nM; Km 0.34 nM), made possible by traditional 

10 noncovalent Ab paratope-epitope interactions (23). The catalytic site of the Ab is located in the light chain 
subunit and is composed of a serine protease-like catalytic triad (1 5). Here, we compared the covalent binding of 
this Ab by VTP-CRA 3 and hapten CRA 1. The isotype-matched Ab UPC 10 (IgG2a, k) served as the control to 
determine background Ab nucleophilic reactivity independent of noncovalent recognition of VIP. The covalent 
reaction was visualized by boiling the reaction mixtures followed by denaturing SDS-electrophoresis and 

1 5 detection of biotin-containing adducts (Fig. 2 1 A, inset). Accumulation of covalent VIP-CRA 3 adducts with the 
anti-VIP Ab increased linearly as a function of time, 2 with the light chain subunit accounting for the majority of 
the adducts (nominal mass 29 kD determined by comparison with molecular mass standards). Adducts of VIP- 
CRA 3 with the control Ab were formed at lower levels. Similarly, hapten CRA 1 reacted with anti-VIP and 
control Abs slowly compared to the VTP-CRA, and there was no preference for covalent binding of the hapten 

2 0 CRA at the light chain subunit. Apparent reaction velocities (V app ) were obtained from the slopes of linear 
regression curves fitted to the progress data by least square analysis ([Ab-CRA] = V app *t, where [Ab-CRA] 
represents the intensity of Ab-CRA adduct band in AAU, and t, the reaction time]. V app values are compiled in 
Table 5. For the anti-VIP Ab, V app of the VTP-CRA 3 reaction with the light chain was 6.6-fold greater than the 
heavy chain. Hapten CRA 1 V app values for the two subunits of this Ab were nearly equivalent. V app for the 

2 5 reaction of VIP-CRA with the anti-VIP light chain was 66-fold greater than the corresponding reaction with the 

control Ab light chain. These observations indicate the selective nucleophilic reactivity of the ant-VTP light chain. 
Inclusion of VIP devoid of the phosphonate group in the reaction mixture inhibited the formation of VIP-CRA 3 
adducts with the anti-VIP light chain (Fig. 21B; inhibition in 3 repeat experiments, 41.0 ± 7%). It may be 
concluded that selective covalent binding of VIP-CRA 3 by the anti-VIP Ab is made possible by noncovalent 

3 0 interactions due to the presence of the VIP sequence. 

Pooled plasma from healthy humans was included in the reaction along with VTPase c23.5 to investigate further 
the selectivity of the VTP-CRA. As expected, the predominant VIP-CRA 3 adduct appeared at the position of the 
light chain subunit of the VTPase Ab (Fig. 21C). Little or no reaction of the VIP-CRA with plasma proteins and 
35 the control IgG subunits was observed. Similarly, the reaction mixtures of hapten CRA 1 yielded little or no 
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adduct formation with plasma proteins or the exogenously added monoclonal Abs. Faint biotin bands were 
observed upon prolonged exposure in each of the lanes shown in Fig 21C at mass 67-70 kD. These bands 
presumably reflect low level adduct formation of the hapten-CRA and VIP-CRA with albumin, the major protein 
present in plasma (see silver-stained electrophoresis lane in Fig 21C). Covalent reactions of albumin with 
organophosphorus compounds have been reported previously (28,29). 

Diisopropyl fluorophosphate (DFP), a well-established serine hydrolase inhibitor, was previously reported to 
inhibit catalysis by anti-VIP light chain c23.5 (15). In the present study, DFP inhibited the covalent VIP-CRA 
binding to the light chain (Fig. 2 ID), consistent the presence of a serine protease-like binding site(s). 

Inhibition of Catalytic Activity. The cleavage of the model peptide substrate Pro-Phe-Arg-AMC by the 
recombinant light chain of anti-VIP Ab c23.5 has been reported previously (15). Site-directed mutagenesis 
studies have suggested that the light chain contains a catalytic triad similar to the active site of serine proteases 
(15). Here, the progress of Pro-Phe-Arg-AMC cleavage by the light chain was measured fluorimetrically by 
determining AMC generated due to cleavage at the Arg-AMC amide bond. As expected, a linear increase of 
AMC fluorescence was evident (Fig 22 A). Inclusion of VIP-CRA 3 in the reaction mixture inhibited the reaction 
in a time dependent manner. The deviation of the progress curve from linearity in the presence, of VIP-CRA 
suggests an irreversible inhibition mode (30). Inhibitory potency comparisons using VIP-CRA 3 and hapten CRA 
1 indicated the superior potency of the former compound (IC50 1 .5 pM and 27 ^M, respectively; Fig 22B). The 
superior potency of VIP-CRA 3 is consistent with the covalent adduct data reported in the preceding section and 
may be attributed to improved noncovalent recognition of the peptidyl component of VIP-CRA 3. The 
stoichiometry of the inhibition was determined by titration with limiting amounts of VIP-CRA 3 ([3]/[light chain] 
ratio: 0.0375-3 .75; Fig. 22C). The x-intercept of the residual activity (%) vs [VIP-CRA 3]/[light chain] plot was 
0.89, suggesting a 1 : 1 stoichiometry. This is consistent with the observed molecular mass of the light chain: VIP- 
CRA adduct, i.e., 29 kD (light chain, 25 kD; VIP-CRA, 4 kD). 

Next, we turned to a human polyclonal IgG preparation isolated from a subject with airway disease (designated 
HS-2 in ref. 24). Cleavage of VIP by this preparation has been attributed to IgG autoantibodies based on retention 
of the activity in Fab fragments, adsorption of the activity by IgG binding reagents and absence of VIP cleavage 
by control, identically-purified human IgG preparations. iV-terminal sequencing of VIP fragments generated by 
this IgG has identified the following scissile bonds: Thr7-Asp8, Argl4-Lysl5, Glnl6-Metl7, Metl7-Alal8, 
Alal8-Vall9,Lys20-Lys21 andLys21-Tyr22 (24). Here, we initially confirmed the ability of the polyclonal IgG 
preparation to cleave multiple peptide bonds in VIP. Three new radioactive peaks were generated from [Tyr 10 - 
l25 I]-VTP by treatment with the IgG (Fig 23A). The observed radioactive product peaks in Fig 23A likely 
represent mixtures of peptide fragments, as the VIP fragments generated by cleavage at the aforestated peptide 
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bonds have previously been noted to elute from the HPLC with similar retention times (24). 

To determine whether VIP-CRA 3 is an irreversible inhibitor, aliquots of the IgG treated with varying 
concentrations of this compound (10, 20, 40, 80 \iM) were subjected to affinity chromatography on protein G to 
5 remove the unreacted inhibitor, followed by assay of the cleavage of [Tyr I0 - 125 I]-VIP (Fig. 24B). Control IgG was 
subjected to an identical incubation without VIP-CRA followed by the chromatographic procedure. Dose- 
dependent inhibition of catalytic activity was evident, and near-complete inhibition of catalysis was observed at 
VIP-CRA concentrations >20 ^iM. The observed irreversible inhibition suggests that VIP-CRA forms covalent 
adducts with the polyclonal Abs, similar to its behavior with the monoclonal Ab examined in the preceding 
1 0 section. Selectivity of the VIP-CRA inhibitory effect was confirmed by comparison with happen CRA 1. As 
expected, the VIP-CRA inhibited the cleavage of VIP more potently than the hapten CRA (IC 50 : 7 |iM and 36 
^iM, respectively). 

DISCUSSION 

The following conclusions may be drawn from these data: (a) Functionally coordinated noncovalent and covalent 
1 5 interactions allowed nucleophilic anti-VIP Abs to form specific and covalent adducts with the VTP-CRAs; and (b) 
The VIP-CRA inhibits each of the reactions involving cleavage of VIP at several peptide bonds, indicating its 
potential as a universal inhibitor of diverse anti-VIP catalytic Abs. The importance of noncovalent Ab paratope- 
antigen epitope binding in directing the VIP-CRA to the Ab nucleophile is evident from the following 
observations: lower reactivity of the anti-VIP monoclonal Ab with the hapten CRA devoid of the VIP sequence; 
2 0 limited reactivity of the irrelevant isotype-matched Ab and plasma proteins with the VIP-CRA; and, inhibition of 
the anti-VIP Ab covalent reaction with the VIP-CRA by VIP devoid of the CRA moiety. Recently, CRA 
derivatives of other polypeptide antigens (HIV gpl20 and epidermal growth factor receptor) have also been 
reported to form covalent adducts with specific Abs directed to these antigens, with only minor levels of reactions 
evident with Abs directed to irrelevant Abs (3 1 ,32). Taken together, these considerations open the route towards 

2 5 permanent inhibition of individual Ab subpopulations based on their antigenic specificity. 

The light chain subunit accounted for most of the covalent reactivity of the anti-VIP monoclonal Ab with the VIP- 
CRA. Reactivity with the hapten CRA serves as an index of Ab nucleophilicity independent of traditional 
noncovalent forces responsible for Ab-antigen complexation. Hapten CRA reactivities of the anti-VIP heavy and 

3 0 light chain subunits were comparable, suggesting that differences in intrinsic nucleophilic reactivity do not 

account for rapid formation of adducts of the light chain with the VIP-CRA. It may be concluded that the light 
chain nucleophile is in the immediate vicinity of the Ab noncovalent binding site, and the noncovalent binding 
interactions facilitate covalent binding. This statement is consistent with observations that the purified light chain 
of this Ab is capable of specifically catalyzing the cleavage of VIP (25). Previously, the purified light and heavy 
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chain subunits of the Ab were reported to bind VIP independently, determined by a conventional assay for 
noncovalent Ab-antigen complexes (Kd for light chain, heavy chain and intact IgG, respectively: 10. 1 , 6.8 and 
1 .9 nM; ref. 33). In addition to the light chain, the heavy chain subunit appears to contribute noncovalent binding 
energy for Ab complexation with VIP, but the heavy chain nucleophile does not seem to be sufficiently in register 
5 with the phosphonate group of the VIP-CRA to participate in the covalent reaction. 

Additional evidence for irreversible and specific Ab recognition by the VIP-CRA is available from the catalysis 
assays. VIP-CRA adducts of the Abs obtained following removal of unreacted VIP did not display catalytic 
activity. Catalytic cleavage of Pro-Phe-Arg-AMC by the recombinant light chain of the monoclonal Ab has been 
1 0 documented previously (15). This reaction is characterized by 57.5-fold higher Km than the cleavage of VIP by 
the light chain, and is attributed to cross-reactivity of the catalytic site with peptide substrates devoid of an 
antigenic epitope capable of participating in high affinity noncovalent binding. Pro-Phe-Arg-AMC cleavage by 
the light chain was inhibited more potently by the VIP-CRA than the hapten CRA. Similarly, the cleavage of VIP 
by polyclonal human autoantibodies to VIP was inhibited more potently by the VIP-CRA than the haptenCRA. 

15 

Ab diversity poses an interesting challenge in achieving antigen-specific covalent inactivation of pathogenic Abs. 
Structural differences in the variable domains underlies Ab specificity for individual antigenic epitopes, and even 
Abs to small molecules presenting a limited surface area can contain structurally distinct binding sites (e.g., 
34,35). Catalytic IgG preparations from patients with autoimmune disease cleave several backbone bonds in. 
2 0 polypeptide (7,24) and oligonucleotide (9) antigens. This may be due to the presence of multiple Ab species in 
polyclonal IgG preparations, each with a distinct scissile bond specificity. We have suggested previously that the 
nucleophiles enjoy some measure of mobility within Ab active sites that is not subject to restriction when 
noncovalent binding of Abs and antigens takes place (31,32). To the extent this hypothesis is valid, Abs with 
differing peptide bond specificity could react covalently with the VIP-CRA even if the phosphonate group is 

2 5 located somewhat imprecisely in the antigenic epitope. In the present study, placement of the phosphonate on the 

Lys20 side chain (as opposed to the peptide backbone) and inclusion of a flexible linker represent attempts to 
expand further the conformational space available for the covalent reaction. Complete inhibition of catalytic 
hydrolysis of VIP by polyclonal Abs that cleave several bonds between VIP residues 7 and 22 by the VIP-CRA 
was evident. Promising means to obtain antigen-specific covalent inhibition of diverse Abs include, therefore, the 

3 0 exploitation of intrinsic conformational properties of Ab catalytic sites and the provision of enhanced access to the 

phosphonate group by manipulating the linker structure. In comparison, if Ab-antigen binding is conceived as a 
rigid body interaction involving inflexible surface contacts, covalent inhibitor design must entail close 
topographical simulation of the transition state of each scissile bond, and individual inhibitors must be developed 
to effectively inhibit different catalytic Abs. The importance of evaluating conformational factors in inhibitor 
3 5 design is supported by previous reports suggesting a split-site model of catalysis (3 1 ,32) in which antigen binding 
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at the noncovalent subsite imposes little or no conformational constraints on the catalytic subsite, allowing the 
catalytic residue to become positioned in register with alternate peptide bonds as the transition state is formed. 

As noted previously, catalytic Abs are proposed to contribute in the pathogenesis of autoimmune disease. Specific 
covalent inhibitors represent a novel means to help define the precise functional effects of the Abs. Such 
inhibitors may serve as prototypes for development of therapeutic agents capable of ameliorating harmful Ab 
effects. In addition to inactivation of secreted Abs, reagents such as the VIP-CRA may be useful in targeting 
antigen-specific B cells. The feasibility of this goal is indicated by evidence that CRAs bind covalently to Abs 
expressed on the surface of B cells as components of the B cell receptor. 3 Ab nucleophilicity may be viewed as 
an indication of their competence in completing the first step in covalent catalysis, z.e., formation of an acyl-Ab 
reaction intermediate. This is supported by observations that the magnitude of Ab nucleophilic reactivity is 
correlated with their proteolytic activity (31). A recent study suggests that noncatalytic Abs also contain 
nucleophiles but are unable to facilitate steps in the catalytic cycle following covalent attack on the antigen, viz., 
water attack on the acyl-Ab intermediate and product release (3 1). Regardless of the physiological functions of 
nucleophiles expressed by noncatalytic Abs, their presence may allow CRA-targeting of Ab populations with 
established pathogenic roles, e.g., anti-factor VIE Abs in hemophilia. 
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FOOTNOTES 

1 Abbreviations used are: AAU, arbitrary area unit; Ab, antibody; AMC, 7-arruno-4-methylcoumarin; CHAPS, 3- 
[(3-cholamidopropyl)dimemylammonio]- 1 -propanesulfonic 

acid; CRA, covalently reactive analog; DMF, A^Ar-dimethylformamide; DMSO, dimethyl sulfoxide; ESI-MS, 
electrospray ionization-mass spectrometry; Fc, fragment constant; PyBOP, (benzotriazole-1- 
yl)oxytris(pyrrolidino)phosphoriium hexafluorophosphate; SDS, sodium dodecylsulfate; TFA, trifluoroacetic acid; 
V app , apparent reaction velocity; VIP, vasoactive intestinal peptide. 

2 The CRA-Ab reactions are predicted to follow the second-order rate law, but linear adduct accumulation 
will occur in the initial stage of the reaction. 

3 S. Paul and coworkers, unpublished data. 

EXAMPLE IV 
Ontogeny of Proteolytic Immunity: IgM Serine Proteases 

Antigen-specific IgG Abs in autoimmune and alloimmune disease are described to catalyze chemical reactions (1- 
3). Examples of catalytic Abs raised by routine experimental immunization with ordinary antigens have also been 
published (4-7). However, no consensus has developed whether naturally occurring catalytic Abs represent rare 
accidents arising from adaptive sequence diversification processes or genuine enzymes with important functional 
roles. The major reason is that the turnover (£ cat ) of antigen-specific IgG Abs is low. Some catalytic Abs express 
catalytic efficiencies (W^m) comparable to conventional enzymes, but this is due to high affinity recognition of 
antigen ground state (reviewed in 8). 

Certain enzymes cleave peptide bonds by a mechanism involving the formation of a transient covalent 
intermediate of the substrate and a nucleophilic residue present in the active site. The nucleophiles are generated 
by intramolecular activation mechanisms, e.g., the activation of Ser/Thr side chain hydroxyl groups by hydrogen 
bonding to His residues, and can be detected by covalent binding to electrophilic phosphonate diesters (9,10). 
Using these compounds as covalently reactive analogs of antigens (CRAs), we observed that IgG Abs express 
nucleophilic reactivities comparable to trypsin (1 1). Despite their nucleophilic competence, IgG Abs display low 
efficiency proteolysis, presumably due to deficiencies in steps occurring after formation of the acyl-Ab 
intermediate, viz. y water attack on the intermediate and product release. Occupancy of the B cell receptor (BCR, 
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surface Ig complexed to a and p subunits along with other signal transducing protein) by the antigen drives B cell 
clonal selection. Proteolysis by the BCR is compatible with clonal selection, therefore, only to the extent that the 
release of antigen fragments is slower than the rate of antigen-induced transmembrane signaling necessary for 
induction of cell division. Immunization with haptens mimicking the charge characteristics of the transition state 
5 (12) has been suggested as a way to surmount the barrier to adaptive improvement of catalytic rate constants. 
Catalysis by 'designer' IgG Abs obtained by these means, however, also proceeds only slowly. 

In mice and humans, the initial Ab repertoire consists of —1 00 heritable VL and VH genes. Adaptive maturational 
processes expand the repertoire by several orders of magnitude. The initial BCR complex on the pre-B cell surface 
contains V-(D)-J rearranged Ig \i chains as a complex with surrogate L chains (reviewed in 13). Precise 
assignment of the B cell differentiation stage at which cell division becomes antigen-dependent is somewhat 
ambiguous, but it is generally believed that non-covalent antigen binding to the pre-BCR is not required for initial 
cell growth. k/K chains replace the surrogate L chain at the later stages of antigen-driven B cell differentiation, 
which is accompanied by diversification via somatic hypermutation processes and continued gene rearrangements 
(14,15). V-(D)-J gene rearrangements allow development of specificity for individual antigens by IgM (16) but 
antigen binding affinities tend to be low compared to IgG Abs. Somatic mutations accumulating in the V domains 
following isotype switching to IgG promote higji affinity antigen recognition. In some anatomic locations, IgM 
Abs can be extensively mutated and can display high affinity antigen binding (17). Loss of a membrane anchoring 
peptide at the C terminus of the H chain results in production of secreted IgM and IgG Abs. 

Very little information is available about the developmental aspects of Ab catalysis. Here, we report the 
2 0 nucleophilic reactivity of secreted IgM and the Ig subunits expressed on the surface of B cells. Cell surface \i and 
kA, chains were the major sites of covalent reaction of a hapten CRA with B cells, and the magnitude of 
nucleophilic and proteolytic activities of secreted IgM Abs was consistently superior to IgG Abs. 



10 



15 



EXPERIMENTAL PROCEDURES 

Splenocyte-CRA binding. Synthesis of compounds I-IV and confirmation of their chemical identity have been 
25 published (11,18). Compounds I, HI and IV are diphenyl phosphonate esters reactive with nucleophilic sites 
(9,10,18). Biotin incorporated in these compounds allowed the visualization of Ab-CRA adducts. Diisopropyl 
fluorophosphate (DFP) was from Sigma. BALB/c mice (5-6 weeks, female, Jackson Laboratories, Maine) were 
euthanized by cervical dislocation and splenocytes were prepared in RPMI-1640 (Gibco) by teasing apart the 
spleen and removing undissociated tissue (unit gravity sedimentation). Erythrocytes were lysed in hypotonic 
3 0 ammonium chloride (5 min; ACK Lysis Buffer, Cambrex, Walkersville, MD) and the cells washed twice with 1 0 
mM sodium phosphate, pH 7.5, 1 37 mM NaCl, 2.7 mM KC1 (PBS). B cells were isolated from splenocytes using 
a B cell negative selection isolation kit (Miltenyi, Auburn, CA) according to manufacturer's instructions and 
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verified to be >95% CD1 9+ by flow cytometry as described below. Viability was determined using 0.05% Trypan 
Blue (90-95%). The cells (2-5 x 10 6 cells) were incubated with hapten CRA I or compound II (37°C; final 
DMSO concentration 1%) in 0.5 ml PBS, washed thrice and treated with 100 ul anti-CD16/32 Ab (10 yg/ml pi; 
BD Pharmingen, San Diego, CA; 5 min, 4°C) to block Ab binding to Fc receptors. Staining was with FITC- 
conjugated streptavidin (1 u.g/ml or as stated; Molecular Probes, Eugene, Oregon) and PE-conjugated rat 
monoclonal Ab to CD19 (10 |ig/ml; Caltag, Burlingame, CA) in 100 pi for 20 min at 4°C. Following further 
washing with PBS (2x), the cells were fixed with 2% paraformaldehyde (1 hour, 4°C), washed once and 
resuspended in PBS. In control incubations, an equivalent concentration of PE conjugated isotype-matched rat Ab 
to an irrelevant antigen (Pharmingen) replaced the anti-CD19 Ab. Deconvolution microscopy was performed 
employing an Olympus DC-70 inverted microscope and Applied Precision Delta work station (SoftWoRx™ 
software; ref 19). Stained cells were subjected to multiple acquisitions at a thickness of 0.25 jam, and the images 
were stacked. The images were subjected to deconvolution (5 iterations) for each probe (FITC; Xex 488nm, Xem 
525nm; DAPI; Xex 350nm, Xem 470nm; phycoerythrin; Xex 565nm, Aem 578nm). Flow cytometry was performed 
in the Baylor Medical College Core Facility (EPICS XL-MCLs Beckman-Coulter flow cytometer, EXP032 
software). Instrument calibration to minimize cross-detection of PE and FITC was done using cells stained 
individually with these fluorochromes. Forward and side scatter measurements allowed exclusion of dead cells 
from the gated cell population. CRA-stainable cells were identified as the population showing staining above the 
level observed for compound II staining. CRA stainable CD19+ cells were estimated by subtraction of 
background observed using the isotype-matched Ab. Cell extraction was by treatment with the detergent CHAPS 
(12 mM, 2 hours at 4°C). The extract was centrifuged (10,000 g, 30 min), the supernate diluted with PBS to 1 
mM CHAPS and then subjected to affinity chromatography using goat polyclonal Abs (IgG) to mouse (a, y, 5, X 
and k chains (Caltag) immobilized on Protein G-Sepharose columns (100 ui settled gel; 0.6 x 5cm columns; 
Pharmacia, Piscataway, NJ). For this purpose, the Abs (50 og) were mixed with the Protein G gel in a column (1 5 
min, 4°C) in PBS containing 1 mM CHAPS (PBS-CHAPS), the gel allowed to settle, the unbound fraction 
collected and the columns washed with PBS-CHAPS. The cell extract (1.4 ml; diluted to 1 mM CHAPS; from 
3x1 0 6 cells) was passed through the column, the column washed with PBS-CHAPS (9 volumes) and bound 
proteins were eluted with 100 mM glycine-HCl, pH 2.7 (8 column volumes) and subjected to reducing SDS- 
polyacrylamide gel electrophoresis (4-20%, Bio-Rad). Protein-CRA adducts were visualized by staining 
nitrocellulose electroblots of the gels with streptavidin-peroxidase as in (1 1). For immunoblotting, the blots were 
stained with goat polyclonal Abs (IgG) to mouse fx, y, 8, X and k chains followed by peroxidase conjugated rabbit 
anti-goat IgG (Fc specific, 1:1000; Pierce) asin(ll). Nominal mass values were computed by comparison with 
standard proteins (14 kD -220 kD; Pharmacia). 

Secreted Ab-CRA binding. Human serum Abs were from subjects without evidence of infection or 
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immunological disease (2 females, 3 males; age 23-45 y). Murine serum Abs were from BALB/c mice (purchased 
from Harlan, Indianapolis, IN; pooled from 150 mice; 8-12 weeks). Murine monoclonal IgM Abs used here are 
directed against major histocompatibility antigens (clones corresponding to catalog #8702, 8704, 9008, 9010, 
9020; cell-free ascites; Cedarlane, Ontario, Canada). Monoclonal IgM Yvo is from a patient with Waldenstrom's 
5 macroglobulinemia (20). All monoclonal IgM Abs contain k chains. The 4 murine monoclonal IgG Abs used here 
were: clone c23.4 (anti-VIP; ref 6), clone c39.1 (anti-glucagon; S. Paul and coworkers, unpublished); ATCC 
clones HP6045 (anti-Fab 2 , y) and ATCC clone HP6054 (anti- Ig X chain). All monoclonal IgG Abs contain y2a 
heavy chains and k light chains. Serum or ascites fluid (1ml) was mixed for lh with 1 ml Sepharose 4B 
conjugated rat anti-mouse IgM Abs (settled gel; Zymed, San Francisco, CA) or agarose conjugated goat anti- 

1 0 human IgM Abs (Sigma, St. Louis, MO) with IgM binding capacities 0.8 and 3 mg, respectively, in 50 mM Tris- 
HC1, pH 7.5, 0. 1 mM CHAPS (buffer A). The unbound fraction was recovered and the gel washed with 20 buffer 
A volumes taking care that protein in the effluent had returned to undetectable levels prior to elution (A 2 so < 
0.001). Elution was with 100 mM glycine pH 2.7 (0.5 ml/fraction into 25 ul 1M Tris-HCl, pH 9.0). Further 
purification was on a Superose-6 FPLC gel filtration column (1x30 cm; 0.25 ml/min; Pharmacia) in two different 

1 5 solvents: 50 mM Tris-HCl, pH 7.7, 0. 1 M glycine, 0. 1 5 M NaCl, 0.025% Tween-20 (buffer B) or 6 M guanidine 
hydrochloride in buffer B adjusted to pH 6.5 with HC1 (buffer C). Prior to column fractionation, the affinity 
purified IgM was dialyzed against buffer C. Column calibration was with thyroglobulin (660 kD), IgG (1 50 kD)' 
and albumin (67 kD). IgM with Mr 900 kD eluted close to the void volume of the column. IgM was renatured 
following buffer C chromatography by dialysis against buffer B (21). IgM Yvo, a cryoglobulin, was purified from 

2 0 serum by repetitive warming (37°C) and cooling (4°C; 3 cycles; ref 20) followed by affinity chromatography on 
the anti-human IgM column. IgG was purified on Protein G-Sepharose columns (2 1) using as starting material the 
unbound fraction from the anti-IgM columns or cell-free ascites. FPLC gel filtration of IgG was as described for 
IgM except that a Superose 12 column was employed. Fab fragments were prepared by digesting IgM (300 pi, 1 
mg/ml) with agarose conjugated pepsin (0.6 ml gel, 30 min, 37°C) in 100 mM sodium acetate, pH 4.5, 150 mM 

2 5 NaCl, 0.05% NaN 3 , 0. 1 mM CHAPS) as recommended by the manufacturer (Pierce). The unbound fraction was 

dialyzed against buffer B, purified by FPLC gel filtration on a Superose 12 column and dialyzed against 50 mM 
Tris-HCl, pH 7.7, 0.1 M glycine, 0.1 mM CHAPS. Total protein was determined by the bicinchoninic acid 
method (Pierce). Immunoblotting of SDS-gels contanining murine Abs was as in the preceding section. Human 
Ab gels were immunoblotted using peroxidase conjugated goat anti-human {a, anti-human k and anti-human X Abs 

3 0 (Sigma, St Louis, MO). 

Purified Abs were treated with the biotinyiated CRAs in 50 mM Tris, HC1, 1 00 mM glycine, 0.1 mM CHAPS, pH 
7.7 at 37°C. Formation of Ab-CRA adducts was determined by SDS-electrophoresis as in the preceding section. 
Band intensities are expressed in arbitrary area units (AAU) determined by densitometry (1 1). Initial velocities 
were computed as the slopes of progress curves plotted as a function of time (initial 60 min). 
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Proteolysis assays. Cleavage of the amide bond linking aminomethylcoumarin to the C terminal amino acid in 
peptide-AMC substrates (Peptide International, Louisville, KY or Bachem, King of Prussia, PA) was measured in 
50 mM Tris HC1, pH 7.7, 0.1 M glycine, 0.025% Tween-20 at 37°C in 96-well plates by fluorimetry (A^ 360 nm, 
k cra 470 nm; Varian Cary Eclipse) (21). Authentic aminomethylcoumarin was used to construct a standard curve. 
5 Kinetic parameters were obtained by fitting rate data obtained at increasing concentrations of peptide-AMC 
substrates to the Michaelis-Menten-Henri equation: v^V^S^R^S])- Progress curves in the presence of 
inhibitors were fitted to the equation: [AMC]/[AMC]ra X ==l - e"*° bs \ where [AMC]^ is the AMC concentration in 
the absence of inhibitor. IC50 (concentration yielding 50% inhibition) was obtained from the equation: % 
inhibition = 100/(1 + io^ 050 " 10 ^^) with the curve forced through 0. 

10 RESULTS 

Irreversible CRA-B cell binding. Hapten CRAs such as compound I (Fig 24) react irreversibly with 
nucleophilic sites in conventional serine proteases and Abs (9-11,18). To evaluate the nucleophilic reactivity 
expressed on the surface of B cells in the preimmune repertoire (viz., the repertoire developed spontaneously 
without purposeful immunological challenge), viable splenocytes from BALB/c mice were treated with hapten 

1 5 CRA I. The control compound II is identical in structure to hapten CRA I, except that the phosphonate group is 
not esterified, which results in loss of covalent reactivity with nucleophilic residues (11,18). Treatment with 
hapten CRA I resulted in staining of most of cells at levels greater than compound II, with a minority of the cells 
displaying intense staining (11±2, N 3 experiments; determined by counting 400 lymphocytes using a UV 
microscope). All of the CRA I-stained cells displayed lymphocytic morphology, with no evident staining of 

2 0 monocytes or the occasional basophil. No loss of viability of the cells was evident following incubation with CRA 
I or compound n, as determined by trypan blue exclusion. Flow cytometry confirmed the microscopy results. 
Seventy nine percent of the CRA I-treated cells displayed fluorescence intensities exceeding the compound II- 
treated cells, including a minority subpopulation with very high fluorescence intensity (14 %; subpopulation 2 in 
Fig 25 A). In 3 repeat experiments, the proportion of CRA I-stained cells that were positive for the B cell marker 

2 5 CD19 was 82±4% (Fig 25B). Deconvolution microscopy indicated that the fluorescence pattern due to hapten 

CRA I binding was nearly coincident with the anti-CD19 Ab fluorescence pattern (Fig 25C-E). Most of the CRA 
fluorescence was restricted to the surfaces of the B cells (Fig 25F). 

To identify the nucleophilic molecules on the cell surface, purified B cells were labeled with CRA I, detergent 
extracts of the cells were boiled and then analyzed by SDS-electrophoresis. Only limited CRA-containing 

3 0 proteins were evident (Fig 26A). As expected, silver staining revealed the presence of heterogeneous species, 

reflecting the complex protein constitution of the cells. The mass of the predominant CRA adduct band was 70 
kD, and this band was stainable by anti-^t chain Ab (Fig 26B). Smaller amounts of CRA-containing bands were 
evident at 25 kD, 40 kD, 50 kD, 55-60 kD, 90-135 kD and 140 kD. The bands at 55-60 kD and 140 kD were 
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stainable by the anti-u Ab, and the bands at 25 kD and 50 kD were stainable with anti- kJX Ab. The anomalous |lx 
and k/K bands at mass range different from the full-length monomer proteins presumably represent unreduced 
oligomers, breakdown products and truncated B cell Ig products, as also observed in previous studies of secreted 
Abs and B cell extracts (22-24). The minor bands at 40 kD and 90-1 35 kD that were not stainable with Abs to u, 
5 y, K/y (Fig 26 B) and 5 chains (not shown) presumably represent non-Ig proteins. No CRA-containing adduct 
corresponding to Ig y chains were detected. Immunoblotting of the cell extracts identified a band at 50 kD 
stainable with anti-y Ab, but the band was visible only in highly overexposed gels, suggesting that only small 
amounts of y chains were present in the extract. 

Confirmation that the CRA I adducts contain Ig subunits was by affinity chromatography on columns of 
1 0 immobilized Abs to u, 5, y and k/X chains followed by SDS-electrophoresis (Fig 26C). CRA-containing p. and k/X 
bands were evident in eluates from the anti-u and anti-KA, columns. Recovery of CRA-containing \i chains in the 
eluate from the anti-tc/A, column can be explained by the presence of disulfide bonded light and heavy chain 
complexes on the cell surface. No CRA-containing bands were evident in eluates from the anti-y and anti- 5 
columns (not shown), but this can not be interpreted to reflect deficient y/5 chain nucleophilic reactivity, as these 
1 5 proteins are expressed only at low levels in B cells from immunologically naive mice. To detennine the proportion 
of overall cellular CRA staining attributable to complexation with Ig subunits, the B cell extract was fractionated 
on a single affinity column composed of immobilized Abs to p and k/X chains. Eighty percent of the total CRA 
content of the cells was adsorbed by the column (not shown), determined by densitometry of the biotin-containing 
bands in the unbound fraction and the extract loaded on the column. Taken together, these observations indicate 

2 0 that most of the CRA staining of intact B cells is attributable to irreversible binding to surface Ig, with the p, chain 

accounting for most of the covalent reactivity. 

Nucleophilic reactivity of secreted IgM. The initial velocity for formation of hapten CRA I adducts by IgM 
purified from the pooled serum of immunologically naive BALB/c mice was 40-fold greater than by IgG (Fig 
27A; values are sums of velocities for the reactions occurring at the two Ab subunits expressed per unit 
25 concentration of intact Abs). The velocity difference is 8-fold when expressed per unit combining site 
concentration 2 (10 and 2 combining sites, respectively, in IgM and IgG). Three CRA-containing bands were 
observed in reducing SDS-gels of the IgM reaction mixtures at 70, 50 and 25 kDa (Fig 27B). The 70 kDa and 25 
kDa bands were stainable with anti-p and anti-tc/X. Abs, respectively. The 50 kDa band was stainable with anti-u 
Ab and presumably represents a ji breakdown product. Two CRA-containing bands corresponding to y and k/X 

3 0 chains were observed in reducing gels of the IgG reaction mixtures. Similar results were obtained with a panel of 

6 randomly selected monoclonal IgM Abs (5 murine and 1 human) and 4 monoclonal IgG Abs (all murine). The 
monoclonal IgM Abs uniformly displayed superior rates of irreversible CRA I binding compared to the IgG Abs 
(Fig 27C; mean ± SEM: 62.6 ± 24.4 x 10 4 and 1 .9 ± 0.4 x 10 4 AAU/uM Ab/hour, respectively; P<0.01 , Mann- 
Whitney U test, 2 tailed). Consistent with the polyclonal Ab experiments, the p. chain accounted for most of the 
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covalent binding in the polyclonal and monoclonal IgMs, but smaller levels of binding at the k/X chain subunit 
were also observed for every Ab preparation (for clarity, \i chain and the corresponding k/X chain data points from 
individual IgM preparations are connected in Fig 27C; data are expressed per u,M subunit concentration to allow 
ready comparison). The 4 monoclonal IgG Abs contain 72a heavy chains, and all monoclonal IgM/IgG Abs 
5 contain k light chains. No attempt was made to determine the nucleophilic reactivity of various y chain isotypes. 
However, the polyclonal Ab data indicate that the average nucleophilic reactivity of the IgG isotype mixture in 
blood is lower than the IgM reactivity. A similar argument can be presented in regard to antigenic specificity. 
The 5 murine IgM Abs and 4 IgG Abs were raised by experimental immunization and bind different antigens 
(MHC antigens, VIP, glucagon, Ig subunits; refs 6,25 and specifications provided by the manufacturers).The sixth 
1 0 monoclonal IgM was from a patient with Waldenstrom's macroglobulinemia with unknown antigenic specificity 
(20). The monoclonal IgM Abs uniformly displayed superior reactivity to IgG Abs, suggesting that divergent 
antigenic specificities do not account for the reactivity difference. 

One of the monoclonal IgM Abs, Yvo, was employed to help define the structural requirements favoring hapten 
CRA covalent binding. Compound n, which contains the unesterified phosphonate, did not form adducts with the 
1 5 IgM at incubation times up to 3 hours (reaction conditions as in Fig 26B). Similarly, the neutral hapten CRA HI 
devoid of the amidino group and the hapten CRA IV with weak leaving groups (methyl instead of phenyl groups) 
failed to form detectable adducts with this IgM Ab. These reactivity characteristics are similar to those of IgG 
Abs reported previously (1 1). 

Secreted IgM catalytic activity. The catalytic activity of polyclonal IgM and IgG prepared from pooled mouse 
2 0 serum was initially measured using Glu-Ala-Arg-AMC as substrate (Fig 28 A). Cleavage of the amide bond 
linking the AMC to the C terminal Arg residue of this peptide has been validated as a surrogate for peptide bond 
hydrolysis by IgG Abs (21). Cleavage of Glu-Ala-Arg-AMC by polyclonal murine and human IgM fractions 
proceeded at rates 344-fold and 237-fold greater, respectively than the IgG fractions from the same sera 
(computed from initial velocity data; expressed per unit intact Ab concentration). If all 10 IgM valencies 2 and 
2 5 both IgG valencies are filled, the velocities for individual combining sites of murine and human IgM are 69-fold 
and 47-fold greater than the corresponding IgG velocities. Consistent with the irreversible binding data in the 
preceding section, Glu-Ala-Arg-AMC cleavage by murine polyclonal IgM was inhibited by hapten CRA I (Fig 
28B) and the serine protease inhibitor diisopropylfluorophosphate (not shown; 63% and 93% inhibition at 30 uM 
and 1 00 uM DFP, respectively after 1 2 hours). The deviation of the progress curve from linearity in the presence 
30 of CRA I suggests an irreversible inhibition mode (26). Progressively increasing inhibition of the murine IgM 
activity (9-1 00%) at increasing hapten CRA I concentrations (10-300 uM) was evident (IC50 42 \xM; not shown). 
Similar results were obtained using human polyclonal IgM as the catalysts (IC50 value for hapten CRA I 
inhibition, 111 uM). 
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Contamination of IgM with conventional proteases was studied by methods employed previously to validate IgG 
and Ab light chain enzymatic activities (21,27). The IgM obtained by affinity chromatography on the anti-n 
column displayed essentially identical levels of catalytic activity as the 900 kD IgM fraction obtained by further 
purification by FPLC gel filtration (Fig 29 A). This fulfils the criterion of purification to constant specific activity 
5 required for assignment of enzymatic activity to IgM. Next, we examined IgM treated with 6M guanidine 
hydrochloride to dissociate any noncovalently associated contaminants. For this purpose, the affinity purified IgM 
was subjected to three cycles of gel filtration in 6M guanidine hydrochloride (Fig 29B) and the 900 kD fraction 
from the final gel filtration cycle was renatured by dialysis. Time-dependent Glu-Ala-Arg-AMC cleavage by IgM 
subjected to these procedures was observed (Fig 29C). 

1 0 Substrate selectivity of the polyclonal IgM preparations and 6 monoclonal IgM Abs was studied using a panel of 
10 peptides-AMC conjugates. The rates shown in Table 6 were computed as slopes of the progress curves. Only 
substrates containing a basic residue at the cleavage site were hydrolyzed by the IgM Abs. No hydrolysis was 
detected with substrates containing acidic and neutral residues at the cleavage site. All 6 monoclonal IgM Abs 
displayed catalytic activity, but the activity levels for different Abs were not identical (varying, for example, over 

15 a 24-fold range with Glu-Ala-Arg-AMC as substrate). The Abs displayed different substrate selectivity profiles. 
For example, the ratio of Glu-Ala-Arg-AMC and Ile-Glu-Gly-Arg-AMC cleavage rates varied from 0.9 to 30.0 for 
the 5 murine monoclonal IgMs, and the human monoclonal IgM cleaved the former substrate at a robust rate 
without cleaving the latter substrate detectably (Fig 30). Hydrolysis of Gly-Gly-Arg-AMC and Gly-Gly-Leu-AMC 
by IgM 9020 was compared to confirm the requirement for a basic residue at the cleavage site. These substrates 

2 0 are identical except for the Arg-AMC/Leu-AMC linkage, eliminating the possibility of confounding remote 
residue effects. Cleavage of Gly-Gly-Arg-AMC was detectable, but cleavage of Gly-Gly-Leu-AMC was not ( 1 2.6 
± 0.6 and < 0.13 uM AMC/uM Ab/hour, respectively). 

The constant domain scaffold in the 5 murine monoclonal IgM Abs is identical. Observations of divergent 
catalytic activity levels and substrate selectivities suggested that the catalytic site is located in the V domains. To 

2 5 confirm this, IgM Yvo was digested with immobilized pepsin and Fab fragments were purified by gel filtration as 

the 5 5 kD protein peak (Fig 3 1 A). Concentration dependent cleavage of Glu-Ala-Arg-AMC by the Fab fragment 
was observed (Fig 3 IB). Next, we considered the possibility that pepsin released from the column could be 
responsible for the observed Fab activity. The pH optimum of pepsin is 1 .5-2.7 depending on the substrate (28). 
The catalysis assays were repeated in 0.1 M glycine, pH 2.7, 1 mM CHAPS. At Fab concentrations affording 

3 0 readily detectable catalytic activity at neutral pH (Fig 3 1 B), no detectable cleavage of Glu-Ala-Arg-AMC by the 

Fab was evident at pH 2.7. The cleavage site preference of pepsin (hydrolysis on the C terminal side of aromatic 
and hydrophobic residues) is dissimilar to the basic residue preference of IgM Abs. Purified pepsin did not cleave 
Glu-Ala-Arg-AMC under conditions yielding readily detectable catalysis by the Fab (675 nM pepsin; other 
reaction conditions as in Fig 3 IB). These data indicate that pepsin contamination is not a factor in the observed 
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Fab activity. 

Determination of reaction rates for 4 IgM preparations at increasing Glu-Ala-Arg-AMC concentrations indicated 
typical enzymatic kinetics (polyclonal murine and human IgM, monoclonal IgM 9020 and IgM 9008). The rates 
were saturable at excess substrate concentration and consistent with the Michaelis-Menten-Henri kinetics (Table 
5 7). Observed K m values were in the high micromolar range, reminiscent of the recognition characteristics of 
conventional proteases. Catalytic antibodies that are adaptively specialized to recognize individual antigens, on the 
other hand, display K m values in nanomolar to low micromolar range, e.g., IgG c23.5 shown in Table 7 cleaves the 
autoantigen VIP with K m OA nM (from ref 6). Apparent /c^ t values for the IgMs exceed those reported previously 
for IgG (21). 

10 DISCUSSION 

IgM Abs, the first class of Abs produced by B cells, displayed superior nucleophilic and catalytic reactivities 
compared to IgG Abs. This contrasts with the noncovalent antigen binding function of Abs, which improves 
adaptively over the course of the immune response. The nucleophilic and catalytic IgM activities were identified 
in unimmunized mice and healthy humans. Preferential IgM recognition of the positive charged group adjacent to 
15 the phosphonate group of the hapten CRAs and the scissile bond in peptide substrates presumably reflect an 
intrinsic property of the preimmune Ab repertoire. This noncovalent recognition motif enables low affinity 
interactions with the peptide substrates, whereas traditional noncovalent epitope-paratope binding is characterized 
by high affinity antigen recognition (nanomolar range JQ. 

Hapten CRA I was validated previously as a probe for nucleophilic reactivities expressed by serine proteases, 
2 0 including IgG Abs (1 1,28). The extent of irreversible CRA binding activity correlates approximately with the 
catalytic activity (1 1,29). In the present study, hapten CRA I adducts were located in close proximity to CD 19 on 
the surface of B cells. The latter protein fulfills a signal transducing role as a component of the BCR throughout B 
cell development (3 0). Immunochemical and affinity chromatography studies suggested that the majority of the B 
cell surface staining is attributable to covalent binding by Ig subunits, with the \i chain providing the dominant 

2 5 contribution, and k/X chains, a smaller contribution. This is consistent with the superior nucleophilic reactivity of 

the p. chain subunit of secreted IgMs. The control phosphonic acid hapten, which stained the cells poorly, does not 
react with nucleophiles due to the poor electrophilicity of the phosphorus atom (11,18). Monoclonal BCRs were 
not included here, but all six monoclonal IgM Abs examined expressed nucleophilic reactivity, suggesting that the 
reactivity may also be expressed by a significant proportion of BCRs. A minority of the B cells was stained 

3 0 intensely by the CRA. These cells are of interest as a potential source of catalysts in future studies. Observations 

that both Ig subunits express nucleophiles are consistent with the ability of light and heavy chains to 
independently catalyze the cleavage of peptide bonds in the absence of their partner subunit (31). Site-directed 
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mutagenesis studies have indicated a serine protease-like catalytic triad in the light chain of an IgG Ab (32) and 
the heavy chain of other IgG Abs is reported to contain nucleophilic Ser residues (e.g., 33). 

Functional roles for serine protease activities have been deduced in B cell developmental processes, but the 
molecules responsible for the activities have not been identified to our knowledge. The serine protease inhibitors 
5 DFP and a-1 antitrypsin inhibit mitogen induced B cell division (34,35) and up-regulate the synthesis of certain 
Ab isotypes by cultured B cells (35). The DFP-sensitive enzyme is B cell-associated and prefers Arg-containing 
substrates (36). Serine protease inhibitors are reported to inhibit anti-IgM induced BCR signal transduction (37), 
and anti-IgM mediated B cell activation is correlated with the appearance of a serine protease activity on the cell 
surface (38). Undoubtedly, conventional serine proteases may contribute to B cell regulation, but it remains that 
1 0 the major CRA binding components on the B cell surface evident in the present study are the BCRs themselves. It 
is logical to hypothesize, therefore, that stimulation of BCR nucleophilic sites may influence B cell development. 
Such compounds include naturally occurring serine protease inhibitors and reactive carbonyl compounds capable 
of irreversible binding to nucleophilic amino acids (39). 

Observations of divergent levels of catalytic activity of monoclonal IgM Abs, their differing substrate preference 
1 5 and retention of the activity in the Fab fragments suggest that the catalytic site is located in the V domains. The 
catalysis assays were conducted in solution phase and at excess concentrations of the small peptide substrate. 
These conditions will not support binding of a single peptide molecule by more than one Ab valency. 
Dissociation of antigen bound reversibly at the individual combining sites may increase antigen availability for 
neighboring sites. However, such an effect will influence the rate of catalysis only when initial antigen 
2 0 concentration is limiting, and there will be no change in the observed Vmax. Therefore, multivalent binding by 
non-interacting sites (avidity effects) is an unlikely explanation for the superior activity of decavalent IgM 
compared to the divalent IgG. The following explanations can be presented for the superior IgM activity. First, 
loss of catalytic activity may be attendant to V domain somatic diversification after isotype switching from IgM to 
IgG. Second, distinctive IgM constant domain characteristics maybe important in maintaining the integrity of the 

2 5 catalytic site, in which case isotype switching itself may result in reduced catalytic activity. These explanations 

are not mutually exclusive. Both explanations are consistent with the argument that catalysis is a disfavored 
phenomenon in the advanced stages of B cell development (as efficient BCR catalysis will result in reduced BCR 
occupancy). We did not attempt to address these points experimentally in the present study. However, the 
monovalent Fab studies suggested that disruption of the constant domain architecture of IgM is deleterious for 

3 0 catalysis. The Fab preparations displayed ~ 1 0-fold lower activity than computed for the individual combining sites 

of pentameric IgM. Pepsin employed to prepare Fab cleaves p. chains on the C terminal side of the CH2 domain 
(40), which is distinguished by its conformational flexibility (41). Alterations of antigen binding activity when 
the same V domains are expressed as full-length IgG Abs belonging to different isotypes are described (e.g. , 42), 
but we are not aware of IgM-IgG V domain swapping experiments in the literature. Allosteric combining site 
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activation due to filling of individual Ab valencies has previously been considered in the case of divalent IgG 
preparations (43). The temporal sequence of events as the individual IgM combining sites bind antigen has not 
been elucidated. At excess antigen, only 5 of the 10 IgM combining sites are thought to be filled (e.g., 44), 
suggesting that favorable allosteric effects on antigen binding, if present, must be restricted to conditions of 
5 limiting antigen concentrations. 

Our screening experiments were restricted to a few IgMs and a few commercially available substrates. Additional 
studies are necessary to define the physiological substrates for IgM Abs and the upper limit for catalytic rates. 
However, certain conclusions can be reached from the available data. Apparent turnover numbers (&ba t ) for the 
IgM preparations were as high as 2.8/min. Serum IgM concentrations (1 .5-2.0 mg/ml; ~2 uM) are ~ 3-4 orders of 

1 0 magnitude greater than conventional enzymes (for example, thrombin found at ng - ug/ml in serum as a complex 
with antithrombin HI; ref 45), and IgM kc&t values are -2 orders of magnitude smaller than conventional serine 
proteases. If catalysis proceeds at the rate observed in vitro, 2 uM human IgM with turnover 2.8/min will cleave 
-24,000 uM antigen present at excess concentration (»Knd over 3 days (corresponding to the approximate half- 
life of IgM in blood). Maximal velocity conditions can be approached in the case of antigens present at high 

1 5 concentrations, e.g. , albumin and IgG in blood; polypeptides accumulating at locations close to their synthetic site, 
such as thyroglobulin in the lumen of thyroid follicles; and bacterial and viral antigens in heavily infected 
locations. Inhibitors regulate the activity of conventional proteases in vivo such as the enzymes responsible for 
blood coagulation. Unregulated catalysis may lead to disruption of homeostasis. Inhibitory mechanisms regulating 
conventional enzymes are conceivable in regard to IgM proteolysis. 

2 0 Identification of promiscuous IgM proteolytic activities in the preimmune repertoire raises important question 
concerning the existence antigen-specific catalytic IgM Abs. Under conditions of limiting antigen concentration, 
catalyst competence is measured as the kuJK m parameter (Knr*K&). As illustrated for the anti-VIP IgG in Table 7, 
large gains in catalytic competence occur due to enhanced antigen binding affinity (reduced Certain 
polypeptides are recognized by IgM Abs present in the preimmune repertoire with high affinity, for example, the 

25 superantigens Staphylococcal Protein A and HIV gpl20 4 are recognized by IgM Abs containing VH3 family 
domains with hi the nanomolar range (46,47). Moreover, specific IgM Abs with improved affinity for 
individual antigens emerge by adaptive V domain maturation processes (16,48). Similarly, future study of 
catalytic IgMs specialized to recognize individual autoantigens is of interest. IgM Abs from patients with 
autoimmune disease express glycosidase activity (49). Autoimmune humans and mice tend to synthesize catalytic 

30 Abs at increased levels (50-53), and a proteolytic IgG preparation to VIP is shown to interfere with the 
physiological smooth muscle relaxant effect of VIP (54). 
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1 Abbreviations: AAU, arbitrary area unit; Ab, antibody; AMC, 7-airrino-4-methylcoumarin; BCR, B cell 
receptor; CDRs, complementarity determining regions; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-l- 

15 propanesulfonic acid; CRA, covalently reactive analog; DFP, diisopropyl fluorophosphate; EAR-MCA, Boc- 
Glu(OBzl)-Ala-Arg-MCA; IEGR-MCA, Boc-Ile-Glu-Gly-Arg-MCA, Fab, fragment antigen binding; FITC, 
fluorescein isothiocyanate; FRs, Framework regions; Ig, immunoglobulin; PE, phycoerythrin; SDS, sodium 
dodecylsulfate; VL and VH, light and heavy chain variable domains;VIP, vasoactive intestinal peptide. 

2 However, all 10 IgM valencies are usually not filled (e.g. 9 ref 44). 

2 0 3 If & 2 , the rate constant for dissociation of the antibody-antigen noncovalent complex, is »k CBt9 the rate constant 

for chemical transformation of the noncovalent complex. 

4 Certain IgM Abs cleave gpl20 at rates exceeding other polypeptides (S. Karle, S. Planque and S. Paul; 
unpublished observations). 

25 EXAMPLE V 

Selective IgM-Catalyzed Hydrolysis of HIV gpl20: An innate defense against gpl20? 

Hapten-like covalently reactive antigen analogs (CRAs) containing an electrophilic phosphonate diester group are 

3 0 reported to bind irreversibly to the variable (V) domains of IgG antibodies (Abs) suggesting the presence of 

enzyme-like nucleophilic sites (Planque et al., 2003). Noncovalent Ab-antigen interactions guide the nucleophilic 
reactivity to individual polypeptide antigens, as judged from the specific reactivity of polypeptide CRAs with Abs 
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directed to the polypeptide component (Planque et al., 2003). Despite these properties, IgG Abs only express low- 
level proteolytic activities. This may be due to physiological barriers resulting from the opposing events occurring 
in Ab catalysis and the later stages of B cell differentiation. Occupancy of the B cell receptor complex (BCR; 
membrane bound Ig subunits together with noncovalently associated signal transducing proteins) by the antigen 
5 drives cell division. Efficient catalysis, on the other hand, entails rapid release of antigen fragments, which could 
result in cessation of antigen-driven clonal selection. 

The human immunodeficiency virus (HIV) coat protein gp 120 initiates viral infection by binding host cell CD4 
receptors. In addition, monomer gpl20 is shed from the viral and infected cell surfaces in soluble form. Free 

10 gpl20 may be important in the pathogenesis of AIDS. Binding of the protein to infected CD+ cells has been 
implicated in depletion of T cells (Siliciano, 1996), and free gpl20 also induces neuronal damage (Kaul and 
Lipton, 1999). Presently, no effective immunotherapeutic or vaccination strategies against HIV infection or 
soluble gp 120 are available. The humoral IgG responses to HTV infection are generally dominated by Abs to the 
mutable regions of gpl20. These Abs are ineffective against viral escape mutants appearing over the course of 

15 infection. Abs to the CD4 receptor binding site of gpl20, developed by experimental immunization (He et al., 
2002) and phage library protocols (Burton et al., 1994), have been proposed as immunotherapy candidates. 
Recently, immunization with the CRA derivative of gp 120 was shown to induce the synthesis of specific IgG Abs 
that cleave gpl20 (Paul et al., 2003). Proteolytic Abs with the appropriate gpl20 recognition specificity are 
advantageous for the purpose of permanent inactivation of the protein. Moreover, repeated reaction cycles should 

2 0 result in the fragmentation of multiple gpl20 molecules by a single catalyst molecule. Conventional Abs bind 

gpl20 stoichiometrically, and dissociation of the Ab-antigen complex releases the biologically active protein. 

IgG Abs from healthy humans and immunologically naive mice are reported to cleave short peptide substrates 
promiscuously (Kalaga et al., 1995). Reactions like esterolysis and hydrogen peroxide synthesis are also catalyzed 
25 by certain Abs regardless of the adaptive maturational status of the V domains (Wentworth et al., 2000; Patten et 
al., 1996). As the first class of Abs synthesized in B cell development, IgM Abs usually contain V domains with 
lower levels of adaptive sequence diversification than IgG V domains produced by differentiated B cells. In the 
course of studies on Ab-catalyzed gp 1 20 cleavage (Paul et al., 2003), we discovered the phenomenon of selective 
and efficient gpl20 cleavage by IgM from the preimmune repertoire. The IgM Abs recognize a peptide 

3 0 determinant reported to contribute contact sites for CD4, i.e., gpl20 residues 421-433 (Goodglick et al., 1995; 

Karray and Zouali, 1997). This determinant is also implicated in gpl20 recognition as a superantigen by the 
conserved V domain regions of certain Abs (Neshat et al., 2000; Karray et al., 1998). 

RESULTS 
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Catalytic activity of polyclonal IgM Abs. Biotinylated gpl20 (Bt-gp 120) was cleaved by IgM from all 5 human 
sera (Fig 3 2 A), assessed by depletion of the parent gpl20 band and appearance of fragments with lower mass in 
electrophoresis gels (Fig 32B; the recombinant protein migrates with Mr -94 kD, presumably because of 
incomplete glycosylation in the baculovirus expression system). None of the IgG samples from the 5 human sera 
5 cleaved gp 1 20 detectable The data in Fig 3 2 A are expressed per equivalent combining sites of IgM and IgG (10 
and 2, respectively; note, however, that all 10 IgM valencies are usually not filled (Chavin and Franklin, 1969). 
Superior IgM catalysis, therefore, can not be ascribed to the greater number of IgM combining sites. Essentially 
identical results were obtained using IgM and IgG Abs prepared from the pooled sera of immunologically 
unstimulated BALB/c mice (87.9% cleavage/20hours/150 nM IgM combining sites; undetectable gpl20 cleavage 
10 at equivalent IgG combining site concentration; reaction conditions as in Fig 32A). 

AfBnity-purified IgM was subjected to two cycles of gel filtration in the denaturing solvent, 6 M guanidine 
hydrochloride (Fig 33). Abs recovered from this procedure were renatured by dialysis and the catalytic activity 
was measured. IgM subjected to denaturing gel filtration displayed near-equivalent Bt-gp 120 cleaving activity as 
15 the starting IgM fraction (82.2 ± 9.2 and 78.8 ±1.0 % cleavage, respectively), indicating the absence of 
noncovalently-associated contaminating proteases. 

Catalytic activity of monoclonal IgM Abs. Each of six monoclonal IgM Abs studied (5 murine; 1 human) 
displayed gpl20 cleaving activity (Fig 34A). IgM Yvo purified by repetitive warming and cooling was analyzed 
2 0 for catalytic activity prior to and after further affinity chromatography on an anti-IgM column. The levels of gp 120 
cleavage before and after the final purification step were essentially identical (46.4 ±0.6 % (s.d.) and 44.3 ± 4.9% 
Bt-gpl20 cleaved/50 nM IgM/6 hours, respectively; reactions as in Fig 32B). This fulfils the criterion of 
purification to constant specific activity required for assignment of enzymatic activity to IgM. 

2 5 Identically-purified murine IgM Abs expressed differing levels of catalytic activity varying over a 27.5-fold range; 

Fig 34A). As the constant domain architecture of the Abs is identical, the results suggest that the catalytic activity 
is a V domain property. This is supported by observation of gp 1 20 cleaving activity in the Fab fragment of IgM 
Yvo prepared by digestion with immobilized pepsin and gel filtration (Fig 34B). Under the neutral pH conditions 
employed, pepsin is inactivated irreversibly (Cornish-Bowden et al, 1 969). Treatment of Bt-gp 1 20 with purified 

3 0 pepsin (1 .2 jxM) did not cleave the protein detectably (not shown; reaction conditions as in Fig 34C), confirming 

that the observed gpl20 cleaving activity of Fab is not due to pepsin contamination. 

Treatment of Bt-gpl20 with IgM Yvo generated an 80 kD biotm-containing fragment, the intensity of which 
changed only marginally over the course of the reaction, accompanied by progressive disappearance of the parent 
3 5 band (Fig 35 A). This suggested that the 80 kD band may be susceptible to additional cleavage reactions. Several 
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faint biotin-containing bands appeared at lower Mr values in highly overexposed gels (43, 31,25 and 1 7 kD; not 
shown). Because of the low biotin content of gp!20 (1 .4 moles/moles), the presence of biotin does not accurately 
predict the relative abundance of the fragments. Incubation of gpl20 devoid of biotin with IgM Yvo generated 
several coomassie blue-stainable bands at 1 5.4 -1 S.8 kD (Fig 35B; bands at 25 kD and 70 kD correspond to IgM 
5 Yvo light and heavy chains, respectively). The fragments were subjected to N terminal amino acid sequencing 
(Table 8). The 80 kD gel region yielded a sequence corresponding to the N terminus of gpl20. As no internal 
gpl20 peptide sequence was detected, the cleavage site was not identifiable, but it was concluded that the 
fragment is produced by cleavage at a site located in the C terminal half of gpl20. Peptide sequences 
corresponding to gpl20 residues 433-442 were identified in fragments corresponding to 15.4-16.4 kD and 1 7.6 
10 kD gel regions, permitting unambiguous identification of the 432-433 peptide bond as one of the cleavage site. 
Two peptide sequences corresponding to gpl 20 residues 1 -10 were present in the 1 5.4-1 6.4 kD and 1 8.8 kD gel 
regions. These gp 120 fragments indicate the existence of two additional cleavage sites located in the N terminal 
half of the protein. . 

1 5 Kinetics and selectivity. Treatment of biotinylated bovine serum albumin (Bt-BSA), biotinylated soluble CD4 
(Bt-sCD4) or biotinylated soluble epidermal growth factor receptor (Bt-sEGFR) with polyclonal human IgM did 
not result in noticeable depletion of the electrophoresis bands corresponding to full-length form of these proteins 
(Fig 36). Under these conditions, readily detectable Bt-gpl20 cleavage was observed. Similarly, there was no 
detectable depletion of full-length Bt-sCD4, Bt-sEGFR and Bt-BSA bands treated with IgM Yvo and polyclonal 

20 murine IgM (reaction conditions as in Fig 36; cleavage of Bt-gpl20 by these Abs, 69.1 % and 97.4 % 
respectively). 

The kinetic parameters for three IgM preparations were determined by fitting the observed initial rates at 
increasing concentrations of gpl 20 to the general quadratic equation predicting the concentration of the catalyst- 

25 substrate complex (Table 9). The method is is applicable to the study of the reaction kinetics when the gpl 20 
concentrations are lower than the The apparent K& is the value yielding the best fit between observed velocity 
and [IgM-gpl20], and apparent Abai is the slope of the velocity versus |TgM-gpl20] plot Correlation coefficients 
for the 3 plots corresponding to the data reported in Table 9 were >0.9. Observed ka t values for polyclonal human 
IgM, monoclonal human IgM Yvo and monoclonal murine IgM 8704 varied over a 52.5-fold range, and the K d 

3 0 values, over a 23.8-fold range. 

Nucleophilic reactivity. The phosphonate diester-containing analog of gpl 20 residues 421-432 (gpl20pep-CRA; 
Fig 37A) has been developed as a covalent probe for nucleophilic anti-gpl20 Abs. Abs raised by immunization 
with the peptide component bind irreversibly and rapidly with gpl20pep-CRA due to the facilitatory effects of 
3 5 noncovalent antigen- Ab binding interactions (Planque et al., 2003). In the present study, progressive inhibition of 
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the cleavage of Bt-gpl20 by IgM Yvo was observed at increasing gpl20pep-CRA concentrations (Fig 37B). 
Covalent gpl20pep-CRA binding was measured by estimating the biotin content in protein adduct bands on 
electophoresis gels. All 5 IgM Ab preparations studied (3 monoclonal IgMs, murine polyclonal IgM and human 
polyclonal IgM) formed covalent adducts with the gpl20pep-CRA at rates exceeding adduct formation with 
5 hapten CRA I (Fig 38 A; mean rate, 41-fold greater for the former compound; P O.002, Student's t test, 2 tailed). 
The u chain subunit accounted for the majority of covalent gpl20pep-CRA binding except in the case of 
monoclonal IgM Yvo (Fig 38B; rates in arbitrary area units (AAU)/h/uM Ab subunit: H chain, 41.5-257.5; L 
chain, 22.3-247.7). The CRA adducts accumulated linearly as a function of time (e.g., IgM Yvo L chain adducts 
shown in Fig 3 8C). Inclusion of excess synthetic gp 1 20(42 1 -43 6) in the reaction mixture (500 uM) inhibited the 
1 0 formation of gp 1 20pep-CRA adducts by each of the 5 IgM preparations by > 68%, regardless of the subunit at 
which the reaction occurred (e.g., Fig38D). 

DISCUSSION 

These studies indicate the selective ability of IgM Abs to catalyze the cleavage of the HIV coat protein gpl20. The 
Abs were from uninfected humans and immunologically naive mice. IgG Abs, products of B cells at more 

1 5 advanced stages of differentiation, did not cleave gpl20 appreciably. The observed selectivity of IgM catalyzed 
gp!20 hydrolysis, therefore, must reflect the intrinsic properties of the preimmune Ab repertoire. Assignment of 
the catalytic activity to IgM V domains is supported by these observations: (a) IgM Abs differing only by virtue of 
their V domains displayed divergent levels of catalytic activity; (b) The Fab fragment expressed the activity; and 
(c) Formation of covalent IgM adducts with the gpl20 pep-CRA probe proceeded more rapidly than the hapten 

2 0 CRA; different Abs formed the adducts at varying levels; the reaction for different Abs displayed distinct subunit 
preferences; and, the reaction was inhibited by a synthetic peptide spanning the peptide determinant located in 
gpl20pep-CRA. The CRA phosphonate diester group inhibits serine proteases by covalent binding at the 
activated Ser nucleophile (Oleksyszyn and Powers, 1994; Sampson and Barton, 1 991). A germline configuration 
light chain has been described to express serine protease-like proteolytic activity (Gololobov et al., 1 999) and IgG 

2 5 Abs in the preimmune murine and human repertoires are also reported to express proteolytic activities (Kalaga et 

al., 1995; Matsuura et al., 1998). The reactivities of proteolytic IgMs described here are consistent with the 
germline origin of the catalytic activity. 

Avidity effects due to the decavalent character of IgM can strengthen the binding to antigens with repeat epitopes 

3 0 even if the intrinsic affinity of the individual combining sites is small. Superior catalysis by IgM compared to IgG 

can not be attributed to this factor, however, as gpl20 does not contain repeat epitopes. Furthermore, catalysis 
assays conducted in solution using monoclonal Abs do not favor multivalent IgM binding to the same gpl20 
molecule. The following explanations can be presented for the superior catalytic activity of IgM Abs. First, loss of 
catalytic activity may be attendant to V domain somatic diversification after isotype switching from IgM to IgG. 
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Second, distinctive IgM constant domain characteristics may be important in maintaining the integrity of the 
catalytic site, in which case isotype switching itself may result in reduced catalytic activity. These explanations 
are not mutually exclusive. Both explanations are consistent with the argument that catalysis is a disfavored 
phenomenon in the advanced stages of B cell development, as efficient BCR catalysis is predicted to result in 
5 reduced BCR occupancy. We did not attempt to address these points experimentally in the present study. 
However, the monovalent Fab studies suggested that disruption of the constant domain architecture of IgM is 
deleterious for catalysis. The Fab preparations displayed -1 00-fold lower activity than computed for the individual 
combining sites of pentameric IgM. Pepsin employed to prepare Fab cleaves (i chains on the C terminal side of the 
CH2 domain (MacKenzie et aL, 1978), which is distinguished by its conformational flexibility (Roux et al., 1 998). 

1 0 Alterations of antigen binding activity when the same V domains are expressed as full-length IgG Abs belonging 
to different isotypes are described (e.g., Morelock et al., 1994), but we are not aware of IgM-IgG V domain 
swapping experiments in the literature. Positive cooperativity effects such as those described for antigen binding 
by the two IgG combining sites (van Erp et al., 1991), could theoretically furnish favorable contributions in 
catalysis. The sequence of events as individual IgM combining sites bind antigen has not been elucidated, but the 

15 hypothesis of positive cooperativity is not supported by findings that only 5 of the 10 IgM combining sites are 
filled at excess antigen concentration (e.g., Chavin and Franklin, 1969). 

Selective gp 1 20 recognition by IgM proteases can not be understood from the local chemical interactions confined 
to recognition of the dipeptide cleavage site, as the same dipeptide units are present in other poorly cleaved 

2 0 proteins. The selectivity probably arises from noncovalent gp 120 recognition by Abs. This may be deduced from 

the comparatively small Rvalues for catalytic IgM recognition of gp 120, 1.3-30.0 jiM. These values are about 2 
orders of magnitude smaller than the apparent for promiscuous proteolytic reactions catalyzed by IgM Abs (S. 
Planque and S. Paul, unpublished observations) and IgG Abs isolated from the sera of preimmune mice and 
healthy humans (Kalaga et al., 1995). Further support for the importance ofnoncovalent interactions can be drawn 
25 from observations that the covalent reaction of gpl20pep-CRA with IgM Abs is guided by noncovalent 
recognition of its peptide component. Precedents for Ab catalytic selectivity derived from noncovalent 
recognition are available. Noncovalent paratope-epitope binding coordinated with nucleophilic attack on the 
scissile bond is the basis for selective cleavage of individual polypeptide antigens by adaptively matured 
proteolytic Abs obtained by experimental immunization (Paul et al., 2003; Sun et al., 1997). 

30 

Selective cleavage of gpl20 by IgM from subjects not infected with HIV may be traced to the superantigenic 
character of gpl20 (Berberian et al., 1993). IgM Abs are described to bind gpl20 as a superantigen (Townsley- 
Fuchs et al., 1996; Juompan et al., 1998) by contacts at conserved Ab V domain regions (Neshat et al., 2000; 
Karray et al., 1998). The superantigenic site of gpl20 consists of discontinuous peptide segments, one of which 

3 5 spans residues 42 1 -433 (Goodglick et al., 1 995; Karray and Zouali, 1 997). An IgM Ab studied here cleaved the 
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peptide bond linking residues 432 and 433. All of the catalytic IgM Abs displayed selective covalent binding of 
gp 1 20pep-CRA, which contains residues 421-43 1 and an amidino phosphonate mimetic of residues 432 and 433. 
This supports a model entailing noncovalent gpl20 binding that is functionally coordinated with the nucleophilic 
reactivity of the catalytic site. The proposed mechanism is identical to that utilized by catalytic IgG Abs induced 
5 by experimental immunization (Paul et aL, 2003; Sun et al., 1997), except that the noncovalent binding takes 
place at conserved V domain regions instead of the adaptively matured hypervariable loops. However, certain 
aspects of the model remain to be explored. For instance, the covalent gpl20pep-CRA data suggest the extent to 
which the nucleophilic reactivity is coordinated with noncovalent peptide epitope recognition, but they do not 
establish the subunit location of the catalytic nucleophile. Adducts of gp 1 20pep-CRA were formed mainly by the 

1 0 heavy chain of four IgM preparations and the light chain of one IgM preparation. Previous reports indicate that the 
light and heavy chains can each express catalytic nucleophiles (Gao et al., 1995; Matsuura and Sinohara, 1996; 
Hatiuchi et al., 2003). Another interesting aspect is the cleavage of multiple peptide bonds in gpl20, analogous to 
the complex cleavage profiles reported for monoclonal Ab L chain catalyzed fragmentation of gp41 (Hifumi et al., 
2002) and vasoactive intestinal peptide (VIP) (Sun et al., 1 99 7). The fragmentation profiles may be explained by 

15 the formation of alternate Ab-gp 1 20 ground state complexes with different peptide bonds positioned in register 
with the nucleophilic residue (Paul et aL, 2003). When the Ab recognizes a conformational epitope, the alternate 
cleavage sites must be spatially adjacent but they can be distant in the linear sequence, producing complex 
cleavage pattern. 

2 0 Noncovalent IgM-gpl 20 complexes reported previously contain Abs with VH domains belonging to the VH3 

family (Goodglick et al., 1995; Karray and Zouali, 1997; Berberian et al., 1993). The VH domain of IgM Yvo 
belongs to the VH2 family (VH2-5 germline gene; deduced from Shaw et aL, 2002; VH sequences of remaining 
IgM Abs studied here are not available). This discrepancy maybe explained as follows. First, proteolysis of gpl20 
entails rapid product release. Efficient catalysts will be detected poorly by binding assays because of the small 
25 concentration of stable immune complexes. Second, the turnover capability allows more sensitive detection of 
catalysts than noncatalytic Abs. At the IgM (15 nM) and gpl20 concentrations (100 nM) in Fig 32A, a 
noncatalytic Ab with K&3\ uM will bind only 0.5 nM gpl20 at equilibrium [computed from the equation [Ab- 
dg] 2 ~[Ab-Ag]([Abo]+[Ago]+Kdy±[Abo][Ago]=<), where [Abo]and [Ago] are Ab and antigen concentrations at time 0]. 
In comparison, 70 nM gpl20 will be cleaved over 20 hours under similar conditions by a catalytic IgM 

3 0 preparation with ha* 2. 1/min and K d equivalent to the noncatalytic Ab (computed as Pr^oll^o^, where P t is 

product concentration at time t and k is k^lK^ Marangoni, 2003). 

Catalytic Abs produced spontaneously by the immune system have been viewed until now primarily as pathogenic 
effector molecules, e.g., autoantibodies to VIP (Paul et al., 1989), nucleic acids (Shuster et al., 1992) and Factor 
35 VIII (Lacroix-Desmazes et aL, 1999). The present study suggests that IgM catalysis may be relevant to the 

86 



WO 2004/087735 



PCT7US2004/009398 



pathogenesis of HIV infection. Free gpl20 shed from HIV is thought to exert deleterious effects on several cell 
types. The neurotoxic effect of free gp 1 20 has been implicated in AIDS dementia (Kaul and Lipton, 1 999) and its 
ability to induce apoptosis may contribute to the decline of CD4+ T cells, regardless of whether the cells are 
infected (Siliciano, 1996). A caveat in assessing the functional potency oflgM Abs is the possibility of inhibition 
5 by naturally occurring serine protease inhibitors in blood and other anatomic locations relevant to HIV infection. 
In the absence of inhibitors, circulating human IgM at 2 mg/ml in blood may be computed to hydrolyze 50% and 
90% of gpl20 present at concentrations « K* in 4.6 min and 15.5 min, respectively (assuming Kd 31 [xM 9 feat 
2.1/min, Table 9). Similarly, if cleavage of trimeric gpl20 on the viral surface proceeds at the rate observed for 
the free protein, only short time periods are needed to hydrolyze the maj ority of viral gp 1 20 (gp 1 20 concentrations 

10 in infection remain « observed Kdi e.g., 10 6 HTV copies/ml with 100 gp 120 molecules/virion correspond to 
~2xl0" 13 M gp 120; Richieri et al., 1998). Support for a protective role for IgM Abs can be drawn from their ability 
to recognize gpl20 residues 421-433. These residues contribute contact sites in the binding of gp 120 by host cell 
CD4 receptors (Olshevesky et al., 1990; Kwong et al., 1998). Fragments generated by cleavage at the IgM- 
sensitive Lys432-Ala433 bond are reportedly devoid of CD4 binding activity (Pollard et al., 199 1). IgG Abs that 

15 bind the gpl20 superantigenic site noncovalently are described as resistance factors in progression of HIV 
infection (Townsley-Fuchs etal., 1996; Juompanetal., 1998). Initial studies conducted as in Karle et al., In press 
suggest that polyclonal human IgM can neutralize the infection of peripheral blood mononuclear cells by primary 
HIV-1 isolates under low serum conditions (Hanson, Karle and Paul, to be published elsewhere). Berberian et al., 
1993 have previously cited their unpublished data suggesting that HIV neutralization in the absence of serum by 

2 0 IgM antibodies that bind the superantigenic site gp!20 (citation 1 1 in Berberian et al., 1993). 

These studies may also be relevant to HIV vaccine design. Synthetic peptides containing gpl20 residues 421-433 
have been advanced as vaccine candidates (Morrow et al., 1 992; Karle et al., 2003), in part because these residues 
are comparatively conserved in diverse HTV strains. The gpl20 peptidyl CRA described here is a potential 
25 immunogen for induction of Abs with strengthened recognition of the gp!20 superantigenic site. A CRA 
derivative of full-length gpl20 induces the synthesis of catalytic Abs (Paul et al., 2003), but Abs to irrelevant 
epitopes probably dominate the response to this immunogen. 

EXPERIMENTAL, PROCEDURES 

30 Antibodies. Human serum Abs were isolated from subjects without evidence of infection or immunological 
disease (2 females, 3 males; age 23-45 yrs). Murine serum Abs were from BALB/c mice (Harlan, Indianapolis, 
IN; pooled from 150 mice; age 8-12 weeks). Murine monoclonal IgM Abs used here are directed against certain 
major histocompatibility antigens (clones corresponding to catalog nos. 8702, 8704, 9008, 9010 and 9020; cell- 
free ascites; Cedarlane, Ontario, Canada). Monoclonal IgM Yvo was obtained by plasmapheresis of apatient with 
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Waldenstrom's macroglobulinemia (Shaw et aL, 2002). All monoclonal IgM Abs contained k chains. Serum or 
ascites (1ml) was mixed for lh with 1 ml Sepharose 4B conjugated rat anti-mouse IgM Abs (settled gel; Zymed, 
San Francisco, CA) or agarose conjugated goat anti-human IgM Abs (Sigma, St Louis, MO) with IgM binding 
capacities 0.8 and 3 mg, respectively, in 50 mM Tris-HCl, pH 7.5, 0.1 mM CHAPS (3-[(3- 
5 cholaniidopropyl)dimethylammonio]- 1 -propanesulfonic acid) (buffer A). The unbound fraction was recovered and 
the gel washed with 20 buffer A volumes, taking care that protein in the effluent had returned to undetectable 
levels prior to elution (A 28 o < 0.001). Elution was with 100 mM glycine pH 2.7 (0.5 ml/fraction into 25 ul 1M 
Tris-HCl, pH 9.0). Further purification was on a Superose-6 FPLC gel filtration column (1x30 cm; 0.25 rnl/min; 
Pharmacia) in two different solvents: 50 mM Tris-HCl, pH 7.7, 0. 1 M glycine, 0. 1 5 M NaCl, 0.025% Tween-20 

1 0 (buffer B) or 6 M guanidine hydrochloride in buffer B adjusted to pH 6.5 with HC1 (buffer C). Prior to column 
fractionation, the affinity purified IgM was dialyzed against buffer C. Column calibration was with thyroglobulin 
(660 kD), IgG (1 50 kD) and albumin (67 kD). The IgM eluted with apparent Mr 900 kD close to the void volume 
of the column. IgM was renatured following buffer C chromatography by dialysis against buffer B (Kalaga et al., 
1995). IgM Yvo, a cryoglobulin, was purified from serum by repetitive wanning (37°C) and cooling (4°C; 3 

1 5 cycles; Shaw et al., 2002) followed by affinity chromatography on the anti-human IgM column. IgG was purified 
on Protein G-Sepharose columns (Kalaga et al., 1995) using as starting material the unbound fraction from the 
anti-IgM columns or cell-free ascites. Fab fragments were prepared by digesting IgM (300 ul, lmg/ml) with 
agarose conjugated pepsin (0.6 ml gel, 30 min, 37°C) in 100 mM sodium acetate, pH 4.5, 150 mMNaCl, 0.05% 
NaN 3 , 0.1 mM CHAPS) as recommended by the manufacturer (Pierce). The unbound fraction was dialyzed 

2 0 against buffer B, purified by FPLC gel filtration on a Superose 1 2 column and dialyzed against 50 mM Tris-HCl, 
pH 7.7, 0. 1 M glycine, 0. 1 mM CHAPS. Total protein was determined by the bicinchoninic acid method (Pierce). 
SDS-polyacrylamide gel electrophoresis (4-20% gels) was conducted under reducing conditions (2- 
mercaptoethanol). Blots of the gels were stained with peroxidase conjugated goat anti-human \x 9 y, k and X Abs 
(1:1000; Sigma) or goat anti-mouse \x, y, k and X Abs followed by peroxidase conjugated rabbit anti-goat IgG (Fc 

2 5 specific, 1 : 1 000; Pierce; Kalaga et al. , 1 995). Nominal Mr values were computed by comparison with standard 

proteins (14 kDa -94 kDa; Pharmacia). 

Proteolysis assays, gp 1 20, the soluble extracellular domain of the epidermal growth factor receptor (sEGFR) and 
bovine serum albumin were labeled with biotin (Bt) at Lys residues has been described (1-2 mol Bt/mol protein) 
as described in Planque et al., 2003. Soluble CD4 (sCD4; residues 1-183; NIH AIDS Reagent Program) was 

3 0 biotinylated and purified by similar methods (1.3 mol Bt/mol sCD4). The gpl20 (strain MN) is a recombinant 

protein expressed in the baculovirus system (Immunodiagnostics, Woburn, MA). Synthesis of gpl20pep-CRA 
(Bt-KQHNMWQE VGN with the amidino phosphonate diester group at the C terminus) is described in Taguchi et 
al., 2002. Catalysis assays (Paul et al., 2003) were performed by incubating Bt-proteins with the Abs in 50 mM 
Tris-HCl, 100 mM glycine, pH 7.7, 1 mM CHAPS at 37°C. The samples were boiled in buffer containing SDS 
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and 2-mercaptoethanol, electrophoresed on SDS-gels. Cleavage was determined by densitometry of electroblots 
stained with streptavidin peroxidase. Assays for inhibition of catalysis by the gp 1 20pep-CRA were performed in 
6% ethanol. Purified porcine pepsin used as control in Fab cleavage studies was from Sigma N terminal 
sequencing of gpl20 fragments electroblotted from electrophoresis gels was performed as in Sun et al., 1997 
5 (Applied Biosystems Model 492 Procise cLC sequencer). Kinetic parameters were determined by fitting rate data 
at varying Bt-gpl20 concentrations to the quadratic equation (Sun et al., 1997): [CS] 2 -[CS]([C t ]+[St]+Kd)+[C t ] 
[SJ=0, where [Q] and [SJ are the total concentrations of catalyst and substrate, and [CS] is the concentration of 
the catalyst-substrate complex. 

Irreversible CRA binding. Synthesis of the biotin-containing hapten phosphonate CRA, its irreversible reaction 
1 0 with proteases and Abs, and the irreversible binding of gp 1 20pep-CRA with specific Abs to the synthetic peptide 
composed of gpl20 residues 421-436 have been described (Planque et al, 2003; Taguchi et al., 2002; Nishiyama 
et al., 2002). Formation of CRA-IgM adducts was measured by reducing SDS-electrophoresis, electroblotting and 
densitometry using a streptavidin-peroxidase conjugate (Planque et al., 2003). Band intensities are expressed in 
arbitrary area units. Initial velocities were computed as slopes of progress curves (incubation for 20, 40, 60, 120 
1 5 and 220 min; r 2 > 0.9 for all data reported here). 
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Example VI 

Additional Evidence and Methods for Specific Covalent and Catalytic Antibody responses induced by 

pCRA Immunization 

In Example II are disclosed data concerning IgG Abs raised by immunization of autoimmune mice (MRL/lpr 
strain) with the gpl20-CRA immunogen. The gpl20-CRA has also been used as the immunogen in non- 
autoimmune BALB/c mice. In the present Example, Abs from the latter immunization were raised essentially as 
in Example H. gpl20 devoid of phosphonate diester groups served as the control immunogen. The 
immunizations were conducted in standard adjuvant without or with simultaneous coimmunization with Protein 
A a B cell superantigen thought to skew the repertoire away from utilization of VH3+ family Abs (1). In addition 
to IgG Abs, IgM Abs were also examined in the present example. Measurement of specific Abs to gpl20 in sera 
from mice obtained over the course of unmunization suggested that accumulation of anti-gpl20 Abs of the IgM 
class in response to gpl20-CRA was greater than in response to control gpl20 (Fig 39). Coimmunization with 
protein A enhanced the accumulation of anti-gpl20 IgM Abs further. 

Monoclonal IgM and IgG Abs from one of the gpl20-CRA immunized mice were prepared as in Example H. 
Screening of the monoclonal IgM secreting hybridomas for cleavage of Bt-gpl20 was done essentially as 
described in Example H. For mis purpose, the hybridoma culture supernatants were subjected to high throughput 
affinity purification in 96 well plates using anti-mouse IgM Abs immobilized on Sepharose (see Example V for 
details of the affinity gel). Several IgM clones were identified that cleaved Bt-gpl20 at levels considerably greater 
than IgM Abs from unimmunized mice (for example, clones F223-3E7 and F223-6H1 shown in Fig 40). 
IgG secreting wells from the hybridomas described in the preceding paragraph were screened for covalent binding 
to Bt-gp 120 by denaturing electrophoresis on reducing SDS-gels (N=l 1 7). The antigen in this screen is devoid of 
phosphonate groups. Any binding detected on the SDS-gels may be interpreted to reflect unusually stable 
interactions involving bonds with covalent characteristics. A Bt-gpl20 band with nominal mass 154 kD was 
observed for incubations conducted using 4 clones, an example of which is shown in Fig 4 1 . This band was also 
stainable with Abs to mouse IgG in immunoblots, confirming that it represents stable complexes of gpl20 with 
the subunits of the IgG (as the SDS-electrophoresis is conducted under reducing conditions, the S-S bonded 
structure of the IgG is destroyed and covalent gpl20-IgG complexes migrate with the characteristics of gpl20-H 
chain complexes and gpl20-L chain complexes. 

These results are consistent with additional studied perfomed on the YZ series IgG Abs described in Example H. 
As noted therein, seven monoclonal IgGs from mice immunized with gpl20-CRA were identified to bind the 
immobilized gpl20-CRA covalently, evaluated by the resisatance of the complexes to 2% SDS treatment in our 
covalent ELIS A protocol. In our more recent studies, we observed that all seven of these monoclonal IgGs also 
display SDS-resistant binding to gp 1 20 devoid of phosphonate moieties (data for 3 of the MAbs are shown in Fig 
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42). The SDS-resistant binding was observed using purified IgG (by protein G-Sepharose chromatography) as 
well as tissue culture supernatants. Identical SDS treatments resulted in near complete removal of conventional 
anti-gpl20 Abs bound to the immobilized gpl20 (clones 1121, 257-D IV and 268-D IV directed to gpl20 V3 
domain; courtesy NIH AIDS Research and Reference Reagent Program and Dr. S. Zolla-Pazner; refs 2-3). These 
5 results indicate unusually stable gpl20 binding by Abs raised to the gpl20-CRA. We concluded that covalent 
immunization is a viable means to strengthen the covalent reactivity of anti-HIV Abs. 

We also conducted new studies involving immunization of mice with the VIP-CRA described in Example TEL 
Immunization with the VIP-CRA resulted in progressively increasing levels nucleophilic reactivity of polyclonal 
IgG over the course of immunization, determined by the appearance of CRA adducts on denaturing 
1 0 electrophoresis gels (Fig 43). The level of VIP-CRA covalent binding was superior to that of the hapten CRA 
devoid of the VIP sequence, suggesting a specific nucleophilic antibody response. These studies confirm that 
immunization with pCRAs induced the synthesis of Abs with enhanced nucleophilic reactivity coordinated with 
the traditional noncovalent binding forces responsible for specificity. 

15 1 . REFERENCEBerberian L, Goodglick L, Kipps T J, Braun J. Immunoglobulin VH3 gene products: 
natural ligands for HIV gpl20. Science 1993 Sep 17;261(5128):1588-91. 

2. Gorny MK, Xu JY, Gianakakos V, Karwowska S, Williams C, Sheppard HW, Hanson CV, ZoUa- 
Pazner S. Production of site-selected neutralizing human monoclonal antibodies against the third 
variable domain of the human immunodeficiency virus type 1 envelope glycoprotein. Proc Natl Acad 

2 0 Sci U S A 1991 Apr 15;88(8):3238-42 

3. Gorny MK, Xu JY, Karwowska S, Buchbinder A, Zolla-Pazner S. Repertoire of neutralizing human 
monoclonal antibodies specific for the V3 domain of HIV-1 gpl20. J Immunol 1993 Jan 
15;150(2):635-43. 

25 

Example VII 

Evidence for HIV Neutralization by Anti-gpl20-CRA Antibodies 

30 

Infection of peripheral blood mononuclear cells from normal donors by primary isolates of HIV- 1 was measured 
using a p24 enzymeimmunoassay (methodology details can be found in ref 1). The HTV-1 isolates studied 
included R5- and X4-dependent strains (strains ZA009, BR004 and SF-162). Controls included the appropriate 
irrelevant Abs (isotype-matched monoclonal IgG). A positive control included monoclonal Ab b 1 2 directed to the 
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CD4bs of gpl20 (2). The test Ab samples did not exert a cytotoxic effect on PBMC, as no loss of cell viability 
was observed following incubation of the Abs in the absence of HIV (determined by staining cells with acridine 
orange/ethidium bromide; Sigma; viability -80-85% in cells treated with diluent and the Ab preparations). Results 
are as follows: Monoclonal IgG YZ1 8, YZ22 and YZ23 raised by immunization with the gp 120-CRA neutralized 
5 the R5-dependent ciade C strain ZA009 reproducibly and in a dose-dependent manner (Fig 44). The positive 
control (clone b 1 2 kindly provided by Dr. Dennis Burton) displayed limited ability to neutralize this HIV- 1 strain. 
No neutralization of HIV- 1 was observed in the presence of an equivalently purified irrelevant monoclonal IgG, 
clone CRL169. It may concluded that the Abs raised by gpl20-CRA recognize native gpl20 expressed on the 
surface of HIV- 1 and can be useful for passive immunotherapy of HIV- 1 infection. 

10 
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20 

Example VIII 

Isolation of catalytic anti-HIV Ab fragments from lupus libraries 

2 5 Lupus patients synthesize Abs that bind the HIV gp 120 determinant composed of residues 421-436 of this protein 

(1). As noted previously, catalytic Ab synthesis occurs at enhanced levels in lupus patients (2). Therefore, we 
turned to the CRAs for identification of catalytic Abs-specific for gpl20. We previously reported that hapten 
CRAs are useful to isolate non-specific catalysts by virtue of covalent bonding between the electrophilic 
phosphorus and activated nucleophiles (3). Essentially, phages expressing the lupus Ab repertoire on their surface 

3 0 are allowed to bind the CRAs and Ab cDNA recoverecLfrom the covalently bonded phages is expressed in soluble 

form, purified by metal affinity chromatography by means of the his6 tag in the recombinant Abs and then 
analyzed for antigen binding and cleaving activities. Ref 3 describes preparation and characterization of the phage 
libraeies expressing single chain Fv (scFv) and light chain subunits (L chains) from the lupus patients. scFv 
constructs are composed of the VL and VH domains of Abs linked by a short and flexible peptide linker. The VL 
3 5 domain of the L chains has previously been demonstrated to express catalytic activity independent of the VH 
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domain located in the heavy chain subunit (4,5). Like noncatalytic Abs, peptidase Abs are capable of binding 
antigens with high specificity mediated by contacts at residues from the VL and VH domains (6). The precise 
contribution of the two V domains varies in individual Ab-antigen complexes, but the VH domain may contribute 
at a somewhat greater level, because CDRH3 tends to be longer and more variable in sequence compared to 
CDRL3 . The VH domain can nevertheless influence the peptidase activity by "remote control", because in binding 
to VIP remote from the cleavage site, it can influence the conformation of the binding site as shown by the 
peptidase activity of F v constructs composed of the catalytic anti-VIP VL domain linked to its VH domain. The 
anti-VIP VH domain exerted beneficial effects and an irrelevant VH domain exerted detrimental effects on the 
catalytic activity, as evaluated by the values of VIP binding affinity and catalytic efficiency (6). 

To isolate gpl20 specific catalysts, we utilized the peptidyl-CRA and full-length gpl20-CRA shown in Fig 7C 
and Fig 14, respectively. These CRAs capture specific catalysts by combining the covalent bonding reaction with 
traditional noncovalent bonding occurring at the epitope-paratope interface. Using the gpl20(421-43 1)-CRA, we 
isolated a specific gpl20-cleaving L chain from our lupus phage library (Fig 45). Phage-CRA complexes were 
trapped on a streptavidin column and then eluted by cleaving the S-S bond located between the biotin and the 
phosphonate moieties. Highly purified preparations of the L chain were obtained by metal-affinity 
chromatography. Catalysis assays utilized the substrate gpl20(421-432)-methylcoumarinamide [MCA; the 
targeted bond is Lys432-MCA, located at the position of the phosphonate moiety in gp 120(421 -43 1)-CRA]. 
Aminomethylcoumarin release was measured fluorimetrically (7). One L chain expressed the catalytic activity. 
Electrophoretic catalysis assays using biotinylated gp!20 showed that this L chain also cleaved full-length gp 120 
(Fig 45). Specificity was indicated by lack of cleavage of irrelevant polypeptides studied in parallel (albumin, 
extracellular domain of EGFR). As expected, the L chain displayed the ability to bind the gp 120-(42 1 -43 1)-CRA 
covalently. Synthetic gpl20(421-436) devoid of the CRA moiety inhibited the covalent binding of the peptidyl 
CRA, suggesting that the activated nucleophile is located close to the site responsible for noncovalent recognition. 

Attribution of the proteolytic activity to the L chain (as opposed to trace contaminants) is supported by the 
absence of nonspecific proteolytic activity, expression of correct epitope specificity predicted from the CRA 
structure employed for phage selection, and expression of specific covalent binding to the gp 120(421 -43 1)-CRA. 
Previously, we validated the catalytic activity of similarly purified catalytic scFv and L chain clones directed to a 
different antigen (VIP) by mutagenesis (8) and immunochemical tests (9). 

Similar studies were conducted using full-length gpl20-CRA to isolate lupus scFv fragments with some 
modifications in the phage selection procedure, i.e., use of immobilized anti-biotin Ab to capture phages 
complexed with gpl20-CRA, followed by a low pH elution step to elute the phages. Twenty four purified scFv 
fragments obtained from the bound phage fraction were screened for cleavage of biotinylated gpl20 by 
electrophoresis. Eight catalytic scFv clones were identified (Fig 46 shows gpl20 cleavage by 2 scFv clones). 
Several identically prepared scFv clones screened in parallel were devoid of gpl20 cleaving activity. 
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These scFv and L chain clones are potential reagents for immunotherapy of HIV- 1 infection. 
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Example IX 

Engineering improved anti-HIV-1 Abs 

Once anti-HJV Ab fragments with the desired catalytic activity are obtained, they can be improved by standard 
antibody engineering methods. The feasibility of engineering therapeutic grade Abs is supported by the 
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development of a human scFv construct against tumor necrosis factor using a phage library prepared from 
unimmunized human subjects. Recloned as full-length IgG, this construct has been recently approved for 1he 
treatment of rheumatoid arthritis (1). 

Monitoring the level of gpl20 cleavage as described above is a useful way to determine improvements in the 
activity of the engineered antibody fragments. In addition, HIV neutralization tests are performed to confirm that 
the activity of the clones has been improved. 

Domain linkage and expansion: A gain in potency is realized by recloning the monovalent scFv clones as bivalent 
IgG. The IgG version of a monovalent Fab has previously been reported to displays 400-fold increased 
neutralized potency due to enhanced binding avidity (2). Decavalent expression of the monovalent scFv as IgM 
Abs will increase the HIV- 1 binding avidity further. An important factor is the pharmacokinetics of full-length 
antibodies versus scFv and Fab fragments. Half-lives for scFv constructs are usually on the order of hours, 
whereas IgG and IgM Abs display half-lives ranging from weeks to days, respectively. Therefore, to achieve 
persistent neutralization of the antigen, the preferred reagents are the full-length Abs. On the other hand, the 
smaller scFv constructs may offer tissue penetration capabilities superior to full-length Abs. For example, scFv 
constructs intended for HIV immunotherapy will permeate tissue viral reservoirs more efficiently than the full- 
length antibodies. 

The constant domains bring to Abs certain effector functions, for example, the ability to fix complement, mediate 
Ab-dependent cellular cytotoxicity and bind Fc receptors expressed on antigen presenting cells. Moreover, 
recloning of the scFv as IgA antibodies permits protection against HTV-1 in mucosal fluids, as IgA antibodies can 
cross epithelial surfaces. 

Full-length antibodies are obtained from scFv constructs by recloning into mammalian cell expression vectors. 
The vectors contain cDNA encoding the constant domains of the desired antibody class and subclass (3). scFv 
recloning as IgGl and IgM constructs will be accomplished by standard methodology (4). The vectors are 
available commercially, for example, from Lonza. The vectors contain human Ab constant domains flanked by 
restriction sites for insertion of foreign V domains. V L and V H domain cDNA are amplified frompHEN2 plasmid 
DN A using back/forward primers containing appropriate restriction sites present in the vectors. The V L domain of 
the scFv is cloned into the vectors on the 5' side of the k constant region, and the V H domain on the 5' side of the 
appropriate heavy chain domain (e.g., yl, a and n constant regions). The vectors contain have antibiotic 
resistance genes for selection. Stable transfectants are prepared in CHO cells or another mammalian cell line (Ab 
yield, 5-30 ug/mi). Purification of IgG, IgA and IgM will be done using immobilized protein G, anti-IgA and anti- 
IgMAb. 

Increased avidity of HIV- 1 recognition can also be obtained by forming multimers of the scFv For example, 
tetravalent antibody fragments are generated by placing a 33-amino acid self-aggregating peptide derived from the 
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GNC4 protein at the C terminus of an scFv construct (5). The peptide associates noncovalently into a 4-helix 
bundle, permitting expression of multiple valencies by the homotetramer. As the overall binding strength for 
multivalent binding (binding avidity) is substantially greater than the sum of the binding strength for the 
individual combining sites, virtually irreversible binding can be obtained by these means. The linker methodology 
can also be applied to generate bispecific antibodies, i.e., antibodies comprised of two scFv components with 
differing antigenic specificity. In this instance, the goal is to target two distinct antigens, e.g., a bispecific 
construct directed to the transferrin receptor and CD3 is shown to direct CD3+ T cells to lyse cells expressing the 
transferrin receptor. 

Affinity maturation in vitro. To obtain Ab fragments with improved catalytic activity, mutations are introduced 
into the CDRs using mutagenic primers, the mutant molecules are expressed on the surface of phages, and the 
phages are allowed to bind covalently to the CRAs as described in Example Vm. The process is repeated several 
times,, with additional mutations introduced at each cycle followed by the phage separation by antigen binding. 
Antigen-specific scFv clones with binding affinity as great as 10 10 -10 n IvT 1 (Ka) have been obtained using as 
starting material the scFv repertoire expressed by unimmunized human donors. The 6 CDRs of the VL and VH 
domains contain about 100 amino acids. Study of antibodies that are comprehensively mutated at these residues 
with each of the 20 natural amino acids is impractical because of the large size of the resultant mutant library 
(~100 20 clones). CDR3 of the VH domain is often chosen for introducing mutations, as antigen contacts at 
CDRH3 are thought to impart specificity to antigen-antibody interactions. Several groups have reported that 
optimizing the structure of the V H CDR3 improves the antigen binding properties (6-9)]. An example of improved 
HIV-1 recognition by this strategy follows, 

CDR walking mutagenesis procedures are employed to produce mutants in the desired CDRs as described 
previously by other groups (6,7). As it is impractical to use phage libraries larger than ~10 8 clones (due to 
constraints imposed by phage solubility and transfection), mutagenesis is done in a stepwise fashion. For 
example, the 5 N-terminal CDR residues are initially randomized and the resultant phage library (library 1) is 
selected for binding to gpl20 (or whole HIV) as described above. Then the next 5 residues is iradomized(hbrary 
2), followed again by antigen binding selection. This process is repeated until the entire CDR has been spanned. 
By this process, optimization of the gp 1 20 cleaving and HIV-1 neutralizing properties are achieved. The V L and 
V H domains of the resultant scFv constructs are sequenced and the sequences compared with the parental scFv 
clone to identify the V domain mutations associated with the improved biological activity of the engineered 
clones. 

In addition to the strategy described above, favorable mutations can also be introduced in the V domains on a 
rational basis to improve the binding affinity (recent example, ref 10), particularly if structural information is 
available about the antigen-antibody complex. For instance, candidate amino acids suitable for mutagenesis can be 
identified by molecular modeling or X-ray crystallography information. Molecular modeling of antibody V 
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domains is carried out using combined homology and ab initio algorithms. Computer programs with strong 
predictive value for tracing peptide backbone topography have been developed, but side chain positions are more 
difficult to predict. Modeling is initiated by identifying the database Fab/Fv structure with the greatest sequence 
homology. Canonical structures for the FRs, VL CDR1-3 and VH CDR1-2 are available. Regions of greatest 
variability (particularly VH CDR3 loop structure) are iteratively energy minimized under a suitable force field. 
The ligand can be positioned in the hypothetical binding site to identify candidate residues suitable for rational 
mutagenesis. For instance, replacement of a small neutral amino acid with a similarly sized charged residue can 
be attempted as a means to introduce an additional electrostatic stabilizing interaction. 

Vl-Vh hybridization. In addition to scFv clones, L chain clones from lupus libraries displaying catalytic activity 
are available for improvement by engineering methods. Ab V domains can recognize antigens independently of 
each other, albeit with reduced binding affinity compared to the native combining site formed by the VL and VH 
domains. The binding activity of the individual VL domains comprising the anti-HIV L chains is improved by 
searching for compatible VH domains from suitable VH libraries. The feasibility of this approach is suggested by 
the following considerations: (a) The V L and the V H domains are independently capable of binding antigens 
(11,12), with the V H domain providing the major contribution to overall antigen binding specificity (13). An 
example of this is the improved recognition of the antigen VIP by pairing of a VIP recognizing L chain with its 
partner VH domain (14). 

Individual VH domains from Abs with established gpl20-recognizing activity, e.g., antibody clones Sl-1 (15) or 
b 12 (1 6) can be employed as the lupus VL domains partners. Alternatively a library of VH domains is employed 
to increase the probability of finding appropriate VH domains capable of forming a compatible V L -V H molecular 
interface (i.e., an interface that brings the CDRs into sufficient spatial proximity to fonn a functional catalytic 
site). The most favorably paired V L -V H domains are then identified by phage selection methods even if they 
constitute a minority of the overall combinations. Suitable V H domain sources are the HIV-1 infected individuals, 
who produce large amounts of specific anti-gpl20 antibodies. Another suitable source of VH domains is 
transgenic mice expressing human antibodies that are immunized with gp!20 or synthetic gp 120(421-436), e.g., 
XenomouseTM mice produced by Abgenix Inc. Methods for immunization of these mice are as described by us 
previously (17), by administration of gpl20 or synthetic gpl20(421-436) conjugated to carrier proteins. 
Preparation of scFv libraries from the HIV-infected individuals and the transgenic mice is essentially as described 
previously (18). Phages expressing scFv are subjected to selection by binding to gpl20 or synthetic gpl20(421~ 
436) as before, allowing recovery of scFv clones as the source of VH domains. A large proportion of V H domains 
from these scFv clones can be anticipated to independently recognize gp 120, as suggested by studies that the V H 
domain provides a dominant contribution in noncovalent antigen recognition. Such VH domains are suitable as 
partners for the anti-HIV L chains isolated from lupus patients. 

Methods to generate the hybrid scFvs are in place in our lab (18). Essentially, the cDNA of the V L cDNA is 
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amplified from the vector using primers containing the appropriate restriction sites necessary for cloning into 
pHEN2 vector containing the scFv contracts. The linker sequence is contained within the vector. Following 
removal of Ihe endogenous V L domain cDNAby restriction digestion, the desired V L domain is ligated into the 
vector. VH domains from phage DNA selected as in the preceding paragraph (from HIV-1 infected individuals 
and transgenic mice) are then ligated into the vector, and hybrid scFv phages will be packaged. The hybrid phages 
expressing hybrid scFv are subjected to CRA selection and screening for cleavage of the appropriate gpl20 
antigenic preparation. The success of this strategy is reflected by increased gp 120 cleavaing activity and HIV-1 
neutralizing activity of the scFv clones compared to the parental L chain. 

VL- VH orientations: If needed the orientation of foe V domains in the scFv is changed. Some groups investigating 
scFv binding have not found a significant difference in the ability of scFv to bind antigen in either orientation 
(VH-VL or VL-VH) [1 9,20]. Briefly, oligonucleotide primers are synthesized to PCR-amplify the VH with Sfi I 
and Xho I restriction sites such that it can be ligated into the 5 ' position. Likewise, are synthesized to amplify the 
VL for ligation 3 ' of the linker into Apa LI and Not I sites. The scFv in both its orientations is purified and tested 
for cleavage of gpl20 and neutralization of HIV. 

Linker effects: As noted previously, scFv constructs can undergo inter-molecular aggregation (21-23). To 
determine such effects, foe scFv is analyzed by gel filtration columns. Peaks corresponding to each multimeric 
species are identified by comparison with retention times of standard proteins, and foe proportion of scFv existing 
in monomeric and aggregate state is computed. ELISA studies are conducted as a function of soluble scFv 
concentration and these results are compared with foe concentration dependence of foe aggregation phenomenon. 
The length and constitution of foe linker peptide can exert important effects. Optimization of foe linker can be 
done, for example, by randomization offoe linker sequence, followed by identification of foe variants showing foe 
desired behavior. An example of one of a preferred strategy for this purpose follows. As retention of linker 
flexibility is necessary, glycines in foe linker are maintained and serines at linker positions 2, 7, 12 and 15 are 
substituted with all 20 amino acids using a modification offoe randomization method of Tang et al. (24). This has 
foe effect of offering a variety of VL-VH interfecial interactions, some of which alleviate aggregation effects and 
improve functional behavior. Briefly, an oligonucleotide with an Nco I restriction site at foe 5' end offoe oligo 
and an Xho I site at foe 3' end is synthesized such SSsMfes codons corresponding to serines 2, 7, 12 and 15 are 
randomized and allow incorporation of all 20 amino acids. The diversity of mis linker library is 3.2 x 10 6 . A 
complementary anti-sense 15-mer hybridizing with foe 3 ! end offoe primer containing an Xho I site is used to 
generate double stranded linker. This mutagenized linker library is ligated into pHEN2 containing Sl-1 VL and 
VH and used to transform TQ-1 cells followed by phage production. The linker library is subjected to selection for 
covalentbinding to a suitable gpl20 or synthetic gpl20 CRA. Screening for fflV neutralization is done as before 
to identify foe best variant. 
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p-amyloid-CRAs and p-amyloid-CRAWs for covalent and catalytic production 

We recently published our studies describing well-characterized catalytic Ab light chains (IgL) that cleave 
amyloid-beta peptide 1-40 (Apl-40; ref 1). One of these IgLs (murine clone c23.5) cleaved Api-40 at a single 
peptide bond, Lysl6-Leul7, consistent with its previously described preference for cleavage on the C-terminal 
side of basic residues (2). Another IgL (human clone hkl4) displayed more complex cleavage patterns with 
apparent dependence on the aggregation state of Api-40. At a large concentration of Api-40 (1 mM), several 
peptide fragments with length differing only by a single residue each were generated, suggesting a sequential, 
exopeptidase-like reaction resulting in cleavage at several peptide bonds. At a lower Api-40 concentration (100 
uM), IgL hkl4 cleaved a single peptide bond, the Hisl4-Glnl 5 bond (Fig 47), evident by the detection of the two 
peptide fragments corresponding to residues 1-14 and 15-40 (determined by ESI-mass spectroscopy). No 
background cleavage of Api-40 was detected in the absence of the IgL. The difference in cleavage specificity is 
attributable to the differing conformation adopted by the peptide in its various conformational states at different 
concentrations. 

Apl-42 aggregates more readily and is more cytotoxic than Apl-40. Following Api -42 (100 uM) incubation with 
IgL hkl4 (24 h), analysis by HPLC as in Fig 47 revealed the appearance of an Apl-14 fragment (1 1.8 min), 
suggesting cleavage of the Ap 1-42 peptide. 

The IgLs were bound covalently by a hapten CRA, which is a mechanism-based probe for serine proteases (3). 
These observations indicate that promiscuous AP peptide cleaving Abs are found in the natural immune 
repertoire. Specific Ap peptide cleaving Abs are candidate reagents for the immunotherapy of Alzheimer's 
disease. Abs with improved specificity, improved covalent reactivity and improved catalytic activity can be 
obtained by immunization with Api-42-CRA. Examples of CRAs and CRAWs useful for this purpose are shown 
in Fig 48 (Api-42-CRA 1-3, Apl-42-CRAW 4). The rationale for immunization with Apl-42-CRA 1-3 is 
described under Detailed Description of the Invention. Our previous studies suggest that the magnitude of 
nucleophilic reactivity correlates with proteolytic activity but rate-limitations are also imposed by slow processing 
of the acyl-Ab intermediate formed by nucleophilic attack on the antigen. Accordingly, a new feature is 
incorporated in Api-42-CRAW 4 designed to facilitate water attack on the acyl-Ab intermediate. This CRA 
contains a metal-water complex, with the goal that it will induce Ab active sites that can accommodate a water 
molecule close to the nucleophilic site. [Note that nucleophilic activation of water molecules analogous to the 
mechanism of metalloproteases is not required, as the Ab nucleophiles are available for the reaction. Rather, our 
goal is to induce serine protease Abs that allow water to diffuse into the active site]. Previous crystallography 
studies suggest the possible paucity of water molecules in the Ab active site Justifying purposeful design of water 
containing Abs]. Water binding by Ap 1 -42-CRAW 4 is accomplished by initial treatment in a metal solution, i.e., 
salts of Cu2+, Ni2+, Mn2+, Zn2+, Mg2+ or Ca2+. His 4 in the CRA is designed to chelate a metal ion with certain 
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coordinate valencies still available for water binding [reviewed in Ref 4]. Metal binding by Ap 1 -42-CRAW 4 is 
measured experimentally by atomic absorption spectrometry, and the water content of the complexes is 
determined by elemental analysis. X-ray crystallography is an alternative way to determine the water content. 

To maximize the immune response, the CRA/CRAW is conjugated to a carrier protein (KLH) via Cys residues at 
5 the N-terminus (which serves as a source of T cell epitopes). Standard immunization methods are applied to 
induce Ab synthesis. Blood from mice hyperimmunized with the CRA/CRAW is collected to assay the anti-Ap 
Ab response. Spleens are harvested to prepare MAbs. IgG and IgM are purified to electrophoretic homogeneity 
from the sera using Protein G-Sepharose and anti-IgM-Sepharose, respectively. The following assays are 
conducted: 

10 £a} Total and covalent binding of the immunogen (Apl-42-CRA 1-3) by ELISA and SDS- electrophoresis, 
respectively; 

£b) Cleavage of AP 1-42 by RP-HPLC; and 

f c) Neutralization of Ap 1-42 toxic effects on cultured N2a cells. 

The purpose of the covalent binding studies is to establish the induction of a specific, nucleophilic Ab response 
1 5 (indicated by superior covalent binding of Api-42-CRA compared to the hapten CRA). Catalysis studies identify 
Abs that not only have nucleophilic activity and specificity for Ap 1 -42, but can also facilitate the next step of the 
reaction, that is, hydrolysis of the acyl-Ab intermediate and release of products. Initial studies are done with 
pooled IgG from immunized mice. Once the activity level is known, repeat experiments are conducted using IgG 
from individual mice to ensure the reproducibility of the response. Yields of IgG/IgM from 100 ul serum are 

2 0 sufficient to conduct -1 00 reactions at 0.2 uM Ab. Controls include preimmune IgG; measurement of covalent 

binding by an irrelevant peptide-CRA (e.g. y VIP-CRA); inhibition of Ap 1 -42-CRA binding by AP 1-42 devoid of 
phosphonate groups; and, inhibition of Ap 1-42 cleavage by Apl -42-CRA. Ab proteolytic activities are confirmed 
by assay of Fab activity and immunoadsorbed Abs. Controls for neurotoxicity assays include the preimmune IgG. 
In addition, the Ab: AP 1 -42-CRA reaction mixtures are dialyzed to remove free CRA and then studied for ability 
25 to neutralize Ap 1-42 mediated toxic effects on N2 A cells. This helps show that the Ab neutralizing activity is 
mediated by Ab combining sites. 

It is possible that improvements in Ab nucleophilicity do not follow the same kinetics observed for maturation of 
noncovalent Ab responses. This can result from B cell down-regulation at later points in the immunization 
schedule due to covalent BCR-immunogen binding or changes in T cell responses. It is important, therefore, to 

3 0 carefully determine the appearance of catalytic Abs as a function of time over the course of the immunization 

schedule. Consequently, the timing of immunogen actaiinistration can be varied to optimize the Ab response (e.g., 
4 wks instead of 2 wks). Also, Api -42-CRA can be administered alternately with ordinary Apl -42 devoid of 
electrophilic groups, or a conventional immune response to the Api-42 can be established first, followed by 



105 



WO 2004/087735 



PCT/US2004/009398 



administrations of the Api-42-CRA to induce adaptive maturation of the nucleophiles. 

Standard methods are employed to prepare hybridomas as in our previous studies (5,6). The primary screen of 
hybridoma supematants is the assay of AP 1-42 cleavage. Direct screening for proteolysis is important to detect 
proteolytic Abs. The purification of such proteolytic antibodies that bind the AP with high affinity and have high 
turnover will not be detected because they will destroy the Api-42 immobilized substrate. To enable direct 
screening for catalysis, we have developed high throughput method for rapid capture and elution of IgG and IgM 
Abs in hybridoma supematants in 96 well plates. Protein G and anti-IgM beads are used to capture IgG and IgM, 
respectively; low pH eluates are collected in 96 well assay and then incubated with the substrate. About 50 
samples/day can be screened for Ap 1 -42 cleavage by the HPLC method using an autosampler. A secondary screen 
is the covalent binding of Ap 1 -42 by electrophoresis. Again, comparatively high throughput methods for this are 
in place (using an electrophoresis apparatus that accommodates 12 gels/run; 24 wells/gel). This screen identifies 
Abs with the greatest nucleophilicity, which is a predictor of catalytic activity. However, some Abs may express 
phosphonatase activity, as has been described for some conventional enzymes (7). If so, the covalent complex 
will be hydrolyzed, and binding may not be detected. Thus, reliance on the AP 1 -42 cleavage assay is advisable as 
the primary screen. Anti-AP Abs displaying the greatest proteolytic activity for AP will be tested for their ability to 
inhibit the toxic effects of Apl -4 1 on N2A. Controls for these assays will include culture supematants from the 
non-cross-reacting anti-VTP hybridoma. 

Important properties of the Abs that are determined experimentally are: 

£a) Cleavage site specificity, determined by HPLC and mass spectroscopy/N terminal sequencing; 

£b) Antigenic specificity, determined by studying hydrolysis of Ap oligomers, monomers and fibrils along with a 

panel of unrelated polypeptide substrates; 

(c) Kinetic parameters (kcat; Km) determined at varying reactant concentrations; 

£d) AP peptide neutralizing activity of proteolytic and control non-proteolytic Abs, determined using wildtype 
N2A cells and amyloid precursor protein expressing transfectants. 

CRA immunogens are designed to bypass physiological restrictions on proteolytic Ab synthesis. The nucleophilic 
and specificity features in this approach are programmed into the Ab active site by the structural components of 
the CRAs. Sufficient water exists in the active sites of conventional serine proteases, but tight packing of antigen 
within the Ab combining site could result in water exclusion, resulting in constrained hydrolysis of the acyl-Ab 
intermediate (deacylation step). We have therefore included a water-binding site in the CRA to induce Abs 
capable of accommodating a water molecule. If needed, the CRA structure can be optimized further by varying 
the linker length and flexibility) and including an oxyanion (phosphonate monoester instead of diester, see ref 48 
for details), which may help improve Ab catalytic rate constant further. Perturbations in the antigenic structure of 
Api-42 due to various substituents can be alleviated by changing their location, e.g., acidic side chains instead of 
Lys NH2 groups. No increase was evident in mortality or morbidity in CRA-immunized mice in our previous 
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studies, nor are signs of local reactions seen at the administration sites. Generalized CRA inhibition of serine 
protease and serine esterases could be deleterious, but this concern is largely alleviated because only small 
amounts of peptide CRAs are needed, as Abs at concentrations 4-6 log orders lower than conventional enzymes 
are shown to bind the peptide CRAs. 

5 Neutralization of AP toxic effects is the desired property of the Abs. This capability is more likely if the cleavage 
reaction occurs towards the C terrninal region of the peptide or if Ap 1-42 is cleaved at multiple peptide bonds, 
e.g., the exopeptidase-like reaction observed using IgL clone hkl4. Previously, we also observed cleavage of 
gp 1 20 and VIP at multiple peptide bonds by MAbs (5,8). Provided that the cleavage reaction releases fragments 
that are not themselves neurotoxic, proteolytic Ab-mediated protection against Ap toxicity may be achieved even 

10 if the Ab epitope specificity differs from that of conventional MAbs. As long as antigenic specificity is 
maintained, affinity is lesser concern for proteolytic Abs, as neutralization depends on the catalytic reaction. At 
excess AP concentration (concentration » Km), the neutralizing potency of a proteolytic IgG molecule with a 
turnover of 1.0/min may be computed to be 28,800 fold greater than of an IgG molecule that binds Ap 
stoichiometrically (assuming t l / 2 20 days in vivo; 1 x 60 x 24 x20). For an IgM Ab, tVi in circulation is -3 days, 

1 5 but our preliminary studies suggest that the constant domain structure of IgM Abs may support catalysis better 
than IgG (9). Generation of specific IgM Abs is not a problem, as this Ab class can undergo affinity maturation 
leading to specific antigen recognition. IgMs are larger than IgGs, but Ab entry into the CNS may not be 
necessary to reduce the Ap burden in the brain, as reduction of peripheral Ap could lead to Ap egress from the 
brain. 

20 An alternative way to identify high turnover catalysts is by flow cytometric sorting of nucleophilic B cells labeled 
with Ap-CRAs, followed by application of the hybridoma methods 

Murine MAbs are not ideal for passive immunotherapy (because of possible anti-Ab responses). However, the 
methods developed in the present aim are readily applicable to obtain human Abs from transgenic mice expressing 
the human Ab locus (10). These mice are shown to mount robust and higjh affinity human Ab responses to a 

2 5 variety of antigens. Similarly, SCBD mice reconstituted with human lymphocytes can mount human Ab responses. 

Finally, molecular engineering techniques are available to humanize murine Abs, consisting of grafting the 
murine V domains into the constant domain scaffold of a human Ab, followed by replacements in the murine V 
domains that reduce human anti-mouse Ig responses. Guided by molecular modeling or crystal structures, the 
antigen contacting residues are maintained. Thus, there is no insurmountable difficulty in obtaining human and 

3 0 humanized proteolytic Abs to AP peptide. 
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Example XI 

Use of variant VTP-CRA structures and B cell defective hosts for catalytic antibody generation 



VIP-CRA structures. The synthesis and characterization of a VIP-CRA is described in Example TJL In addition 
to phosphonate ester VTP-CRAs shown in Fig 49, carbonyl pCRAs are useful because of their longer half-life and 
3 5 superior simulation of the carbonyl reaction center in the cleavage of peptide bonds by Abs. An example of a 
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carbonyl VTP-CRA is shown in Fig 49. The structure of this compound is based on reports that amidinophenyl 
pyruvate forms covalent complexes with serine proteases (1,2) similar to those of phosphonate CRAs. The 
amidino moiety is a Lys/Arg mimetic, corresponding to the cleavage specificity of many catalytic Abs.. 

Key elements of phosphonate VIP-CRA are: (a) the peptidic structure, allowing noncovalent binding to the Ab 
5 paratope; (b) one (monoester) or 2 leaving groups (diester) that determine the level of chemical reactivity of the 
phosphorus, and in the case of the monoester, allow expression of a negative charge on the unesterified oxygen; 
and (c) the positively charged amidino group Biotin and amino acids for conjugation to carrier proteins are 
incorporated at the N terminus. The rate constant fa (Fig 7) depends on the covalent reactivity of the phosphorus 
atom. CRAs with different fa values are useful for different purposes. Rapid and complete inhibition of Abs is 

10 achieved by highly reactive CRAs with large fa values. Weakly covalent CRAs (low fa) react with strong Ab 
nucleophiles without reacting at weak nucleophiles. The weak covalency may also promote catalytic Ab synthesis, 
as it limits the possibility of B cell tolerization by permanent BCR engagement In the reaction scheme of Fig 7, a 
VTP-CRA that fully mimics the reversible binding of VIP with the Ab will possess an equilibrium constant K\ 
(ki/fa) equivalent to AT d of VIP. Additionally, as the negatively charged monoester CRA mimic the noncovalent 

15 reactivity of the transition state, the Ki will reflect some component of transition state binding energy. 

VIP-CRA 4 was observed to bind anti-VTP Abs selectively (see Example IH). Synthesis ofVTP-CRAs 3 and 5 is 
done essentially as for 4. For synthesis of VIP-CRAs 1, the protected peptide VIP 1-19 with C-terminal 
phosphonate diester residue is treated with aqueous sodium bicarbonate to give the monoester. This peptidyl 
phosphonate monoester is coupled to the C-terminal peptide fragment with an JV-tenninal glycolate residue (3), 

2 0 and the product is treated with anhydrous TFA. VIP-CRA 2 is prepared by an analogous strategy using the peptide 

fragment with the C-terminal phosphonate monomethyl ester. The product is HPLC purified and characterized by 
mass spectroscopy. Preparation and Ab reactivity of a peptidyl CRA analogous to VIP-CRAs 1 and 2 has been 
documented by our group (4). VIP-CRAs 3-5 contain the phosphonate diester located on NH2 side chains of the 
three Lys residues of VIP. The pyruvyl VIP-CRA is structurally similar to 3. VIP-CRAs 1-3 structures depart from 
25 traditional strategies, in that the covalently reactive group is out of register with peptide backbone. The main 
pitfall in the syntheses is of side reactions at unintended groups. This is minimized by utilizing appropriate 
protecting groups. Preparation of the pyruvyl VIP-CRA does present difficulties as the necessary reaction between 
the pyruvate carboxyl and side chain amine of Lys should proceed much like the analogous reaction for VIP-CRA 
4. 

3 0 Study of these pCRAs allows examination of the flexibility enjoyed by Ab nucleophiles. VIP-CRAs 1 and 2 

contain the full sequence of VIP with the phosphonate group located within the backbone in place of Lys20. The 
presence of peptides on both flanks of the phosphonate maybe desirable to capture noncovalent paratope-epitope 
interactions and mimic the extended transition state, which may involve structural elements remote from me 
covalent reaction site (5; remote structural changes in the transition state are possible because of free rotation 
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around the C-N bond as it develops single bond character in the transition state, allowing movement of distant 
structural elements). The region of VIP on the C terminal side of the phosphonate (residues 22-28) is suggested to 
furnish an important energetic contribution in Ab-VTP recognition (6). 

Available VTP-specific Abs are used to confirm that the VIP-CRAs express Ab-recognizable epitopes. 
5 Noncovalent binding at the peptidyl epitopes allows superior VIP-CRA binding by specific Abs compared to 
other proteins (nonspecific Abs, serine proteases, serine esterases). All VIP-CRAs are studied for covalent binding 
to: (al a panel of catalytic Abs with specific VTPase activity (MAbs c23.5 and c23.4 IgG; lupus single chain Fv 
clone DM506; polyclonal serum IgG codes 39, 80 and 5960; ref 7); (b) Nonimmune Abs, isotype matched-where 
possible (MAbs UPC 10, RPC5; lupus Fv clone DM302; polyclonal human IgG without VIPase or VIP binding 
10 activity); and (gl commercially available serine proteases (trypsin, thrombin, subtilisin). The assay consists of 
incubating suitable concentrations of purified Abs with the VIP-CRAs followed by SDS-electrophoresis, blotting 
of the gels and visualization of biotin-containing bands (-153 kD for IgG; -30 kD for Fv) using streptavidin- 
peroxidase and a chemiluminescent substrate. Controls include reactions in the presence of excess DFP (competes 
for binding at the nucleophiie) or excess VIP (noncovalent competitor). 

1 5 Catalytic Ab generation. Dysfunctional B cell signaling is likely an underlying reason for amplified catalytic Ab 
production observed in autoimmune disease. Thus, transgenic mice expressing certain defects in B cell 
transmembrane signaling will yield high turnover catalytic Abs. In particular, mice expressing accelerated 
signaling are useful for this purpose, for example, CD19 transgenic mice. CD19 transduces BCR signaling 
through the Tyr kinase mediated pathway. Accelerated and decelerated BCR signaling in the CD19- 

2 0 overexpressing and CD19-knockout mice has been reported (8). These mice display attenuated and amplified 

responses to antigen stimulation, respectively,and changes in autoantibody levels are also apparent (8). Mice with 
the appropriate genetic background serve as controls (CD95-deficient mice and C3H/++ controls from Jackson 
Labs). B cells from homozygous mice with a disrupted CD19 gene are generally immunocompetent, but B-l cell 
number is reduced and responsiveness to T-dependent antigens is somewhat variable (9). This is due to intrinsic 
25 defects in BCR signal transduction, rather than defective T-B cell interactions (10). Lyn- and CD22-deficient 
mice are also available if needed, e.g., [Lyn: a Src tyrosine kinase activated by BCR crosslinking with anti-IgM 
Ab; CD22, an adaptor protein in signal transduction]. 

Following hyperimmunization with the VIP-CRAs, the proteolytic activities of polyclonal Abs from CD 19- 
overexpressing mice, CD19-deficient mice [C57B1/6 background] and their wildtype controls (n=10 each) is 

3 0 studied as described in Examples HI, including determination of kinetic parameters from rate data fitted to the 

equation [v»*cat[Ag]/Kn+[AgJ; v, velocity; K m ~Kdl feat, maximum velocity] and covalent binding to the VIP- 
CRAs. It may be necessary to repeat immunizations at various immunogen doses, as the response in these mice is 
highly dose-dependent (9). MAbs will be produced as in the preceding section from mouse strains displaying large 
differences in VIP cleaving Ab responses compared to the wildtype controls. 
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The VIP-CRA immunizations are expected to yield low Km, high Abs. Monoester VIP-CRA immunization is 
of interest because this peptide may stimulate synthesis of Abs that combine nucleophilic reactivity with oxyanion 
stabilization. The weaker covalent reactivity of the monoester may also be beneficial in avoiding permanent BCR 
engagement, which could drive the cells into apoptosis. Abs to VIP-CRAs 1 and 2 should cleave VIP at Lys20- 
5 Lys2 1 . The phosphonate moiety in VIP-CRAs 3-5 is located on Lys side chains, as opposed to the backbone of the 
peptide. Immunization experiments with such CRAs serve as a test for the flexibility of the active site, because a 
rigid Ab nucleophile developed to recognize the side chain group cannot move into register with the peptide 
backbone. The carbonyl VIP-CRA should elicit high keat, specific Abs, supporting the hypothesis that 
endogenous CRAs can be the stimulating imxnunogens for proteolytic Ab production in autoimmune disease. 
1 0 [Reactive carbonyl compounds are produced at higher levels in autoimmune disease (protein glycation products, 
lipid peroxidation products]. As CD19-overexpressing B cells transmit antigen-stimulated BCR signals more 
efficiently than normal B cells, they should develop Abs with superior catalytic activity without risking clonal 
abortion. 
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Table 1: Comparative features of natural and designer of transacylase Abs. 





Natural 


Designer 


Activity 


Peptidase 


Esterase 


Mechanism 


Covalent 
-hNoncovalent 


Noncovalent 


Origin 


Germline, natural 


De novo, adaptive 


Target 


Ground/ 
transition state 


Transition state 


Target cone 


Physiological 


Excess 


Optimal pH 


Physiological 


Alkaline 
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Table 2: Examples of polypeptides suitable 

Target Antigen 



for targeting by covalent and catalytic Abs 

Disease Indications 



CD4 

HER 2 
EGFR 
CTLA-4 

Macrophage Inhibitory Factor 
CD80 (B7-1) 

CD86 (B7-2) 

CD28 

CD70 

CD11b/CD18 

CD23 

ICAM-1 



VLA-4 Integrin Receptor 
TNF-alpha 



Complement Component C5 
IL-1 beta Receptor 



IL-1 beta 



GPIIb/llla Receptor 



Plasminogen Activator Inhibitor (PAI-1) 
IL-4 

IL-4 Receptor 
IL-5 

IL-5 Receptor 

igE 

Eotaxin 

Eotaxin Receptor 
PDGF 

PDGF beta Receptor 
Alpha.v.beta.3 Integrin 



Rheumatoid Arthritis, Asthma, 
Transplantation, Autoimmune Disease 
Various Tumors 
Various Tumors 

Various Tumors, Microbial Disease 
Inflammatory and Autoimmune Disease 
Inflammatory and Autoimmune Disease, 
Atherosclerosis 

Inflammatory and Autoimmune Disease, 
Atherosclerosis 

Inflammatory and Autoimmune Disease, 
Atherosclerosis 

Inflammatory and Autoimmune Disease, 
Atherosclerosis 

Arthritis, Inflammatory and Autoimmune 
Disease 

Arthritis, Inflammatory and Autoimmune 
Disease 

Inflammatory and Autoimmune Disease, 
Rheumatoid Arthritis, Inflammatory Bowel 
Disease, Organ Transplant Rejection, 
Psoriasis, Atherosclerosis 
Inflammatory and Autoimmune Disease 
Rheumatoid Arthritis, Autoimmune Disease, 
Neurotropic Pain, Ischemia-reperfusion 
Injury, Septic Shock, SIRS, ARDS, Multiple 
Sclerosis, AIDS 

Autoimmune Disease, Immunosuppression 

Rheumatoid Arthritis, Autoimmune Disease, 

Neurotropic Pain, Ischemia-reperfusion 

Injury, Septic Shock, SIRS, ARDS 

Rheumatoid Arthritis, Autoimmune Disease, 

Neurotropic Pain, Ischemia-reperfusion 

Injury, Septic Shock, SIRS, ARDS 

Antithrombotic, Use in combination with 

Angioplasty, Percutaneous Coronaryr 

Intervention, Unstable Angina, Stroke 

Anti-coagulant 

Thrombolytic 

Asthma 

Asthma 

Allergy 

Allergy 

Allergic Asthma and Allergic Rhinitis 
Allergic Inflammatory Disease, Allergic 
Asthma 

Allergic Inflammatory Disease, Allergic 
Asthma 

Vascular Disease, Restinosis 
Vascular Disease, Restenosis, Inhibit 
Pathogenic Bone Resorption 
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Beta-amyloid peptide Alzheimer's Disease 



Table 3 : Broad distribution of hapten I irreversible binding by antibodies. N: 

number of IgG donors (healthy individuals without evident immunological abnormalities); 
individual scFv clones from a human library, randomly picked. Hapten CRA I, 10 uM 
(IgG) and 200 uM (scFv); 60 min incubation. Values (in arbitrary area units, AAU) 
correspond to the intensities of IgG-l adducts (150 kD band) and scFv-l adducts (27 kD 
band along with scFv-containing aggregate bands observed in some clones). 



Hapten I irreversible binding, AAUx 10"7uM protein 

Antibody ~ — — 

Mean ± S.D Median Range N 



Human serum 33.7 ± 20.4 30.1 12.4-67.1 5 

IgG 



scFv 928 ±688 1050 55-1900 16 



Table 4: Kinetic parameters for cleavage of Bt-gp120 and Boc-E-A-R-MCA by MAb YZ20. 

IgG (1nM) was incubated with Bt-gp120 (0.14 - 2.2 juM; 13h) or Boc-E-A-R-MCA 31 - 1000 uM, 
6h). Cleavage of Bt-gp120 was determined by measuring depletion of the 120 kD intact protein 
band on SDS-gels run in duplicate, and of E-A-R-MCA, by fluorimetry in triplicate. Kinetic 
parameters for Bt-gp120 cleavage were computed using the general quadratic equation 
describing a one site binding interaction and for, E-A-R-MCA, by fitting the data to the Michaelis- 
Menten equation (see text). 

Antigen Km, M kca,, min-1 kcat/Km, M" 1 min" 1 



Bt-gp120 2.0 X10" 6 3.4±0.1 x 10" 3 1.7 x10 3 

E-A-R-MCA 4.0 ±1.2x10-* 3.3±0.4x10" 2 8.4 x10 1 
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TABLE 5. Initial velocities (V app ) for formation of VIP-CRA 3 and hapten-CRA 1 Ab 
adducts. V app values determined as in Fig. 2 legend. 



Ab 



Subunit 



V app ±S.D.,AAUmin~ 1 



VIP-CRA 3 



Hapten CRA 1 



Anti-VIP IgG, c23.5 


Light 


19.8 ± 0.4 


3.3 ± 0.4 


Anti-VIP IgG, c23.5 


Heavy 


3.0 ±0.3 


5.3 ± 0.7 


Control IgG, UPC10 


Light 


0.3 ±0.1 


ND" 


Control IgG, UPC10 


Heavy 


2.0 ± 0.3 


ND a 



"ND, not determined 
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Table 6: Cleavage preference of IgM Abs. Designations 8702, 8704, 9008, 9010 and 9020 
refer to murine monoclonal IgM Abs. Yvo is a human monoclonal IgM. Reaction conditions: 
IgM, 5 nM; peptide-AMC substrates, 200jxM, except for polyclonal murine IgM (400 ^M); 
37°C. Blocking groups at the N termini of the substrates were: succinyl, AE-AMC, AAA- 
AMC, AAPF-AMC, HW-AMC; *-butyloxycarbonyl, EKK-AMC, VLK-AMC, IEGR-AMC, 
EAR-AMC. Values (means of 3 replicates ± S.D.) are the slopes of progress curves monitored 
for 24 h. 



Substrate pM AMC/ hi jiM Ab 





Polyclonal, 
human 


Polyclonal 
, murine 


Yvo 


8702 


8704 


9008 


9010 


9020 


\E-AMC 


ND 


N.D. 


N.D. 


N.D. 


N.D. 


NJD. 


N.D. 


N.D. 


AA-AMC 


ND 


N.D. 


NJD. 


N.D 


N.D. 


N.D. 


NJD. 


N.D. 


IW-AMC 


ND 


N.D. 


N.D. 


N.D. 


NJD. 


N.D. 


N.D. 


N.D. 


\PF-AMC 


ND 


N.D. 


ND. 


ND. 


N.D. 


N.D. 


N.D. 


N.D. 


KK-AMC 


ND 


N.D. 


N.D. 


0.7±0.2 


6.6 ±0.3 


10.7 ±0.8 


13.1 ±1.4 


4.2±0.f 


LK-AMC 


1.6±0.1 


NJD. 


2.6±0.2 


N.D. 


8.0±0.1 


7.4 ± 0.8 


6.9 ±0.4 


3.0 ±1.7 


\R-AMC 


35.4±0.7 


86.4 ±12.2 


7.4±0.3 


2.6 ±0.3 


18.6 ±1.8 


15.7 ± 0.6 


61.6±6.9 


24.7 ± 1.4 


GR-AMC 


0.8±0.1 


ND. 


N.D. 


0.8 ±0.2 


1.1 ±0.4 


17.5± 3.2 


2.0 ± 0.7 


4.1 ±0.6 


rR-AMC 


5.6±0.2 


20.5 ± 4.4 


N.D. 


ND. 


2.2 ±0.1 


6.0±0.3 


37.4 ±0.7 


13.0 ±1.2 


rP-AMC 


ND 


NT 


N.D. 


N.D. 


N.D. 


N.D. 


N.D. 


N.D. 



ND, not detectable (<0.125 AMC/h / pM Ab); NT, not tested. 
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Table 7: Apparent kinetic parameters for IgM catalysis. Substrate, Glu-Ala-Arg-AMC (25- 
600 |J.M); IgM, 5 nM. Correlation coefficients for fits to the Michaelis-Menten equation were > 
0.96 in every case. 



Antibody 


^ m ,M 


kcat, mol/mol Ab/ min 


IgM, murine serum 


120 + 22 x 10" b 


2.1+0.1 


IgM 9010 


144 + 15 x 10" 6 


1.9 ±0.1 


IgM 9020 


154 + 28 x 10' 6 


0.9 ±0.1 


IgM, human serum 


120 ± 11 x 10" 6 


2.8 ±0.1 


IgGc23.5* 


0.34 x 10" 9 


8x 10" 4 



*. Substrate, VIP 



Table 8: N terminal sequences (10 residues) of gpl20 fragments generated by IgM Yvo. 

Reaction conditions: gpl208.5 jaM, IgM 50 nM, 46 h. N.L, not identifiable; however, 
identification of the 15.4-16.4 and 18.8 kD fragments with N-termini corresponding to gpl20 
residues 1-10 indicates two cleavage sites located in the N-terminal half of the protein. X, 
unidentified amino acid. 

a Values in parentheses indicate recovery of the amino acids in pmol. 



Product, kD Amino acid sequence 3 Cleavage site 



80 


1(2.3), P(1.7), G(1.2), E(1.9), K(0.8), L(1.5), X, V(1.4), T(1.2), V(1.4) 


NX 


18.8 


1(8.4), P(6.3), G(3.7), E(5.7), K(4.0), L(5.1), W(0.4), V(4.8), T(3.0), V(4.8) 


N.I. 


17.6 


A(1.7), M(0.6), Y(0.8), A(0.9), P(0.5), P(0.5), 1(0.4), E(0.4), G(0.4), Q(0.3) 


K 432. A 433 


15.4-16.4 


A(9.4), M(5.3), Y(6.7), A(8.7), P(6.3), P(4.6), 1(4.8), E(3.8), G(2.4), Q(3.5) 
1(1.7), P(0.8), G(1.6), E(1.3), K(0.4), L(l.i), W(0.1), V(l.l), T(1.0), V(1.2) 


K 432. A 433 

N.I. 
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Table 9: Apparent kinetic parameters for IgM catalyzed biotinylated gpl20 cleavage. Increasing 
gpl20 concentrations (2, 1, 0.5, 0.25, 0.125 pM) treated in duplicate with IgM (50 nM) for a 
sufficient length of time to yield gpl20 cleavage levels in the measurable, linear phase of the 
reaction. See text for method of &bat and Ka computation. 



Antibody K 6 , M ^ at ,min" 1 Wfa, M^min 1 



IgMYvo 


1.3 x 


10" 6 


0.04 ± 0.002 


2.8 x 


10 4 


IgM polyclonal human 


31.0 x 


10" 6 


2.14 ± 0.03 


6.8 x 


10 4 


IgM 8704 


7.4 x 


10" 6 


0.12 ±0.05 


1.6 x 


10 4 
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